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ABSTRACT
The studies described are directed towards the problem of lead 
intoxication in children and the lite ra tu re  related to this is reviewed.
The ra t was used as an experimental model. Newborn rats , of albino 
Wistar and black-and-white Hooded s tra in , were exposed to lead from b irth , 
f i r s t  indirectly  through mother's m ilk, then d irectly  through diets 
containing 0, 0 .5 , 1.0 or 2,0% lead acetate.
By 5 weeks of age the Wistar rats receiving lead, showed various 
symptoms of lead intoxication ranging from mild growth retardation to 
total paralysis of the hind part of the body. No paralysis was observed 
in any of the lead-intoxicated Hooded suckling rats.
The growth of lead-intoxicated Wistar suckling rats was retarded 
compared with th e ir pair-fed controls, indicating that the growth 
retardation in young lead-exposed animals was partly due to lead and 
partly due to decreased food consumption. The lead-intoxicated Hooded 
suckling rats showed less retardation of growth than did the Wistars.
This was thought to be due to the fact that the Hooded dams accepted 
the diets containing lead acetate more readily than the Wistar dams.
The determination of the blood and tissue lead concentrations 
revealed that at 3 weeks of age the lead-intoxicated Wistar suckling 
rats had significantly higher concentrations of lead than th e ir mothers 
a fte r a sim ilar period of exposure, and than the lead-intoxicated Hooded 
suckling rats of same age. Cross-fostering experiments showed that 
the strain of the lactating mother had no effec t on the blood and tissue 
lead concentrations in the suckling rats at 3 weeks of age.
By 7 weeks of age the blood, kidney and liv e r lead concentrations
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in the Wistar rats fe l l  to levels observed in the mothers. The 
concentrations of lead in the brains of the young rats stayed consistently 
higher than in the mothers.
Exposure to lead during the suckling period did not affect the 
maturation of various physical features and reflexes in the young rats. 
However, the rate of development was significantly  d ifferen t in the two 
strains studied, most of the physical features and reflexes appeared 
fu lly  matured in the Hooded rats 1-2 days e a rlie r  than in the Wistar 
ra ts .
Male Wistar rats exposed to lead (0.5% lead acetate in the d ie t) for 
3, 6, or 12 months did not show any observable i l l  e ffec t other than 
a 10% reduction in the body weight. The blood and tissue lead 
concentrations were sim ilar at 3 and 6 months, s ligh tly  increased at 
12 months. Except for a s light increase in the aggressive behaviour 
towards the end of the experimental period and a small, but consistent 
increase in exploration, the social behaviour of the male rats was not 
affected by the long-term lead exposure.
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Chapter 1 
GENERAL INTRODUCTION
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Lead came into use very early in the history of c iv iliz a tio n .
In the Mediterranean cultures i t  was used in the building work for making 
jo in ts , in fishing for n e t  weights. Its  softness made i t  also suitable 
for w riting , making coins, tickets, v is iting  cards etc. (Waldron and 
Stbfen, 1974, p.4 ). In the ancient c iv iliza tions of India, lead was 
used for making amulets and weights for looms, and the Chinese used i t  
as a stimulant in the Court of the Emperors.
With the development o f the Roman Empire, the usage of lead increased 
considerably, and i t  assumed a dominant role in technology. The largest 
part of the Romans' lead consumption was used in  making the extensive 
aquaducts and water mains. The large water reservoirs o f the public water- 
supply were also lead-lined. The metal was also used extensively in  
cooking and wine making. The bronze pots of the Greeks and Romans gave 
a b itte r  taste to food cooked in them, but i t  was found that a lead lin ing  
prevented this spoilation and sweetened the food.
These practices resulted in considerable contamination of food and 
drink, and a theory has been presented that the fa ll of the Roman Empire 
was largely due to endemic lead intoxication (G ilf i l la n , 1965).
Later, the pottery trade was for centuries a notorious source of 
lead intoxication. In B rita in , Germany, France and Hungary, the early 
lite ra tu re  presents shocking pictures of palsy, insanity, blindness, and 
s te r i l i ty  in potters (Hamilton and Hardy, 1974). Despite this knowledge, 
earthenware containers are s t i l l  a source of fatal lead intoxication  
( K l e i n ^ ^ . ,  1970).
Today, lead is a major material o f industry, and is far more widely 
used than is perhaps generally realised. I t  is  used for batteries, cable
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sheathing, lead sheets and pipes, in alloys, battery oxides, as additives 
in petroleum, as pigments in paints, and for various chemicals used in  
the manufacture of plastics, glasses, glazes, and other products (Stubbs,
1972).
The use of lead has increased considerably during this century and 
is continuing to do so (Waldron and Stofen, 1974, pp.8 -9 ). Part of this 
increase is due to the increased manufacture of batteries, battery oxides 
and lead additives reflecting the rise in motor-car production.
In spite of th is , lead intoxication as a c lin ica l en tity  has become 
rare. The number of deaths attributable to this cause has fa llen  during 
the course of this century (Fig. 1 .1 ). Lead intoxication accounts at most 
for no more than four or five deaths annually (Waldron and Stiffen, 1974), 
and since 1950 only one death has been ascribed to occupational lead 
intoxication in B ritain  (McCallum, 1972).
S im ilarly, the number o f cases of industrial lead intoxication has 
declined from 500-1000 reported annually in the beginning of this century 
to less than 100 in recent years (Fig. 1 .2 ), and the cases being notified  
now are c lin ic a lly  milder than those notified e a rlie r  in the century.
The decline in industrial cases o f lead intoxication is largely due 
to the improvement in the industrial methods and occupational health 
standards. Periodic examinations of the workers exposed to lead for early 
evidence of increased lead absoprtion are now a common practise, particu larly  
in larger industries. The health monitoring of the lead workers is carried 
out by c lin ic a l, biochemical, and haematological examinations. The 
biochemical tests include the measurement of blood lead, urinary lead, 
urinary coproporphyrins and urinary 6-aminolaevulinic acid (Lane e t a l .,1968)
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Fig. 1.1 . Annual number of deaths from lead poisoning 1900-1966 
(Waldron and Stbfen, 1974, p.7)
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Fig .1.2 . Annual notifications of industrial lead poisoning to
the Factory Inspectorate 1900-1970 (Waldron and Stbfen, 
1974, p .7).
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The ea rlies t indicator of increased lead exposure is inhibition of serum 
6-aminolaevulin ic acid dehydrase, which is an enzyme in the pathway of 
haemoglobin synthesis. This enzyme is probably too sensitive an indicator 
for industrial lead exposure, since inhibition is observed in c ity  dwellers 
without an industrial exposure to lead (Hernberg and Nikkanen, 1970),
However, mobilization o f lead into the environment, especially 
through leaded petrol, has brought a new dimension to the problem of 
lead intoxication. The suggestion is no more that endemics of frank 
c lin ica l lead intoxication w ill occur, but rather that current levels Of lead 
w ill exert a chronic e ffec t, resulting in increased morbidity and m ortality. 
Data has been presented showing that man has increased the contamination of 
the biosphere with lead by about 250 times since the Industrial Revolution, 
the greatest increment occurring since alkyl compounds for use in gasoline 
were introduced (Patterson, 1965).
Young children are considered to be particularly at risk because the 
neurotoxic effects o f lead may bring about permanent damage to the 
developing central nervous system which i t  is thought could resu lt in  
mental retardation and other behavioural abnormalities. This view is 
supported by the findings of brain damage, mental deficiency, and serious 
behavioural problems in lead-intoxicated children from urban slum areas 
(Chisolm, 1971a).
Lead intoxication in children is an insiduous process; i t  is d if f ic u lt  
to diagnose, i t  is often unrecognized and until recently, i t  was largely  
ignored by physicians and public health o ff ic ia ls .
When titanium oxide replaced lead in paints a fter World War I I  many 
thought that lead intoxication in children was a problem of the past, 
and very few attempts were made to deal with i t  (Lin-Fu, 1973),
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However, in the late sixties i t  was suddenly realised that lead 
intoxication was s t i l l  taking a high to ll among children, especially 
those from poor urban slums (Chisolm, 1971a). Consequently, extensive 
screening programmes were started to combat this 's ile n t epidemic'. As 
a result.blood lead levels exceeding 40 yg/100 ml were found in 20-30 
per cent of the children between one and six years of age in several 
American c ities (Lin-Fu, 1972). A blood lead level of 40 pg/lOO ml is 
the upper lim it thought to be safe, and is the level above which 
abnormalities in erythrocyte porphyrin metabolism become evident 
[Chisolm, 1973; Zielhuis, 1975a, b ).
Interestingly, increased awareness of lead intoxication among 
physicians and other health workers was invariably associated with a 
rise in the number o f cases reported, though a decrease in  severe cases 
and fa ta lit ie s  (Chisolm, 1971a; Lin-Fu, 1972). However, when screening 
programmes are regularly employed, there is a tendency for the number o f 
high values to f a l l .  This is because in the f i r s t  instance the survey 
measures the prevalence of high blood lead levels amongst the population, 
whereas la te r , an incidence rate is determined (Guinee, 1972).
Unlike the occupational lead exposure in adults, which is a slowly 
developing process with a known source and degree of exposure, lead 
intoxication in childhood generally occurs as accidental intoxication among 
young children who cannot be kept under constant surveillance.
The factors contributing to the occurrence of lead intoxication in 
children w ill now be reviewed.
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1.1 Factors contributing to the occurrence of lead intoxication
in children.
1.1.1 Pica.
The lite ra tu re  generally indicates that the source of lead exposure 
in  childhood is almost without exception peeling lead paint and broken 
lead-impregnated plaster found in poorly maintained old houses. However, 
more recent studies suggest that ingestion of chips of paint may be only 
one of several environmental sources of the metal. The other sources include 
improperly glazed earthenware, home-made drinks, street and household dust 
(Palmisano et £[p,1969; Klein e t a1., 1970; Sayre e t aT., 1974). Dust 
present on household surfaces (floors , windowsills and walls) has been shown 
to contain substantially higher amounts of lead in old inner c ity  homes 
than in suburban homes. S im ilarly , lead can be found on the hands of 
children living in the inner c ity  homes in higher amounts than on the hands 
of the children from suburban homes. The suggestion has been made that 
daily ingestion of this hand surface lead by normal hand-to-mouth a c tiv ity  
may play a substantial role in childhood lead exposure (Sayre £ [.,1 9 7 4 ).
Although mouthing objects is a natural way of exploring the surroundings 
for an infant during the f i r s t  two years of l i f e ,  i t  can persist beyond this 
age and is then considered abnormal.
The high incidence of abnormal appetite for non-food items (pica) over­
laps that of lead intoxication which occurs in children 18 to 30 months of 
age (B aritrop,1966; Chisolm and Kaplan, 1968; Chisolm, 1971a; Lin-Fu, 1972).
In fact, there is some epidemiological evidence o f the possible connection 
between pica and lead intoxication in young children (Jacobziner, 1966;
Lin-Fu, 1973).
Why children should voluntarily ingest lead is not clearly understood.
I t  has been suggested that pica represents an attempt to replace defic ient
— 8  —
minerals such as calcium and iron. Animal experiments have shown that 
calcium and iron deficiency both enhance blood and tissue lead levels 
in rats (Six and Goyer, 1970; 1972; Quarterman and Morrison, 1975). I t  
has also been shown that calcium deficiency, but not iron deficiency, 
w ill produce increased voluntary ingestion of lead in the ra t (Snowdon 
and Sanderson, 1974) and monkey (Jacobson and Snowdon, 1976).
On the other hand, i t  is postulated that children with pica come 
from disturbed fam ilies, or from particular racial groups, but the 
prevalence of the practice does not seem to support these suggestions 
(Bari trop, 1966).
The high prevalence of pica undoubtedly contributes to the frequent 
occurrence of lead intoxication in young children by increasing th e ir  
intake of lead. However, toxic ity  o f lead depends, besides the amount 
of intake, on the degree of absorption of the ingested lead.
1.1.2 Absorption of lead.
Various studies indicate that the percentage of ingested lead absorbed 
by adults is about 10% [Kehoe, 1961; Thompson, 1971 ; Rabinowitz ^  ,
1973). Absorption of lead in children was thought to be sim ilar. Recent 
studies in experimental animals have, however, indicated that the gastro­
intestinal absorption of lead may Be dependent on age [Kostial e t a l .,1971 ; 
Forbes and Reina, 1972; Gerber and Deroo, 1975).
212Forbes and Reina using Pb in rats found that up to 20 days of 
age, over 80 per cent of the orally  administered dose was absorbed (F ig .1.3) 
At about the time of weaning at 22 days, absorption dropped abruptly to 
the low level characteristic of adult rats .
Increased absorption of lead from the intestine of suckling rats is
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sim ilar to that of other metals such as iron, calcium, strontium, barium 
and radium in the young animals (Taylor et a l . ,  1962; Ezekiel, 1967). 
Sim ilarly, human infants have been shown to absorb more calcium, iron, and 
strontium than adults (Harrison, 1959; Gorten ^  , 1963; Schulz and
Smith, 1958; K a h n ^ t^ . ,  1969; Schafer, 1970).
In this respect the findings of Alexander et (1973) in young 
children are of particular importance. They found that the daily intake 
of lead by young children increased linearly  with age, from 40yg in a 
breast-fed in fant to 210 yg in a child 8| years old. Moreover, about 
50 per cent of the daily intake was absorbed and 18 per cent retained 
-  values significantly  higher than those reported for adults. However, 
these values were based on only a small number of subjects (8 children 
ranging in age from 3 months to 8| years), thus i t  was not possible to 
estimate the ages at which these high absorption rates fa ll  to the adult 
levels.
I t  thus appears not only that young children have a greater exposure 
to hazardous sources of lead and ingest lead more often, but also that 
the absorption and retention o f lead are higher in the young. However, 
more information is needed on the absorption and retention o f ingested 
lead by children of various ages. Detailed balance studies o f the type 
reported by Alexander £ t  (1973) should be repeated and animal experiments 
carried out to provide information on the e ffec t of large oral doses o f lead. 
The absorption studies in rats (Kostial 1971; Forbes and Reina, 1972)
were performed using carrier-free lead isotope and thus may not apply when 
large doses are involved.
1.1.3 Distribution of lead.
Besides absorption, the toxicity  of lead depends on the distribution
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of lead in the body. Barry and Mossman (1970) reported that more than 
9 per cent of the total body burden of lead in adults, but only 64 per cent 
in children under six years old, is found in the bones. Approximately 
70 per cent of the bone lead is in dense cortical bone. Barry and Mossman 
suggested that the lack o f this hard dense bone tissue in children may 
account in some measure for the adverse response of young children to 
severe lead exposure.
Indeed, soft tissue lead seems to be the fraction responsible for 
the known acute toxic effect o f lead in children (Chisolm, 1971b).
Distribution of lead in the soft tissues in man has been studied 
by Schroeder and Balassa (1961), Schroeder and Tipton(1968), Barry and 
Mossman (1970), and Barry (1975). The concentration o f lead in the 
soft tissues varies according to the geographical orig in of the sample, 
with industrialized countries showing s lig h tly  higher values. The highest 
concentrations are found in the aorta, liv e r  and kidneys, while the brain, 
heart, and muscle a ll show consistently low values.
The data from Barry and Mossman (1970) seem to indicate that the 
concentrations of lead in the soft tissues are higher during the second 
decade and remain re la tive ly  constant thereafter. This study was, however, 
carried out on persons who did not have a history of lead exposure, and 
thus may not be relevant in cases o f increased lead exposure, such as 
children with pica.
The blood lead level has been used in most studies until now as an 
index o f soft tissue lead concentration (Z ielhuis, 1975a). I t  is easy 
to carry out with modern techniques and only a small sample is required 
(Delves, 1970). EDTA-provocated lead excretion in the urine may provide 
a better estimation of the body burden of lead, but i t  has serious
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drawbacks: application of EDTA, preferably two 24 hr specimens of urine, 
and possibility  of contamination (Waldron and Stbfen, 1974, p .141).
S im ilarly, the concentration of lead in the hair reflects partly external 
contamination and partly internal exposure (Renschaw e t aT .^, 1972).
Recently the content of lead in the deciduous teeth has been used as a 
measure of lead exposure (Needleman £ t  aj[., 1972), but i t  is not of 
course, a praticable test for routine work.
Though the most convenient, the blood lead level is a somewhat 
contentious indicator of lead intoxication. Kehoe (1961) stated that 
lead intoxication does not occur i f  the blood lead concentration is less 
than 80 yg/100 ml. However, cases o f poisoning have been reported with 
values less than this (Gibson et a l . ,  1968; Beattie ^  aT. ,  1972) and 
conversely, patients with extremely high blood lead levels may have 
minimal symptoms (Chamberlain and Massey, 1972; McRoberts, 1973). In 
this context, the observation by McRoberts (1973) that the symptoms 
occurred when there was a s h ift  in the partitioning of the red cell/plasma 
lead concentration towards an increase in the plasma concentration, may 
deserve more examination.
Although the blood lead level reflects a dynamic balance between 
exposure, amounts in tissue, and excretion, the levels in organs, such 
as the brain, bone marrow, and kidney probably relate more closely to the 
effects of lead in these organs. However, they cannot be measured readily in  
humans. For this reason, studies in humans relating lead concentration in 
blood with those in organs are lacking, while data relating blood lead 
levels to current exposure are abundant (Hofreuter ^  , 1961; Goldsmith
and Hexter, 1967; Jones ^  , 1972; Lin-Fu, 1972,1973) .
Studies in experimental animals indicate that lead is deposited in
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many organs in proportion to the concentration of lead in the blood 
{Castellino and A loj, 1964; Goldstein et 1974; Bari trop and 
Meek, 1975). However, Momcilovic and Kostial (1974) reported that 
there are marked differences in the kinetics of lead metabolism in 
the very young as compared to the adult ra t. The retention of lead a fte r  
a single i .p .  injection was higher in the whole body, blood, and kidneys of 
the suckling rat than in the adult ra t. Furthermore, the suckling brain 
accumulated more lead than did the brains of the adult animals.
S im ilarly, the soft tissue lead burden in infant baboons remains, 
for re la tive ly  long periods a fte r a single oral dose, a t an elevated level 
as compared to that in the adult baboons ( K n e i p ^ ^ . ,  1976), and the 
fractional dose retained in the brain of the infant baboon is approximately 
twice that of the fractional dose found in the brain of the adult baboon.
These findings together with the previous findings o f the increased 
absorption of lead in the suckling ra t (Kostial e t ^ .,1 9 7 1  ; Forbes and 
Reina, 1972; Gerber and Deroo, 1975) may partly explain the increased 
susceptibility of the young to lead.
1.1.4 Nutritional deficiencies.
Studies in experimental animals have suggested that nutritional 
deficiencies may potentiate the toxic effects of lead. These findings 
are of particular importance since children at risk o f lead intoxication  
are often also a t risk of inadequate nu trition .
Iron deficiency is one of the most common nutritional inadequacies 
in young children (Fomon, 1967), and occurs in about 30 per cent of 
socioeconomically disadvantaged children of 1 to 3 years of age. The
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incidence of lead intoxication is also greatest in the 1- to 3-year-old 
group and occurs predominantly in children from poor urban areas (Oberle,
1969; Chisolm, 1971a; Chatterjee and Gettman, 1972).
In this connection i t  is interesting to note that feeding diets 
containing subtoxic amounts of lead and deficient in  iron, to rats resulted 
in greater retention of lead in the l iv e r , kidney, and bone, and increased 
urinary excretion of lead and 6-aminolaevulinic acid than the diets containing 
an adequate amount of iron and sim ilar amount of lead (Six and Goyer, 1972).
The inhibitory effect of lead on heme formation (Chisolm, 1964) and 
the occurrence of anaemia in lead intoxication (Betts al*» 1973) are 
well known, but until recently very l i t t l e  thought has been given to the 
fact that iron deficiency in children may have potentiated the toxic ity  
of lead.
Adequate copper intake is essential for normal iron u tiliz a tio n  
(Evans and Abraham, 1973). Klauder and Petering (1975) reported that 
h a e m a to c n t  and haemoglobin levels in the ra t are depressed by lead in the
d ie t, i f  either or both copper and iron are low. They suggested that this 
effec t resulted from d irect lead-copper antagonism and that the observed 
iron influence is secondary to the changes in copper metabolism.
I
Rats fed diets deficient in copper show higher erythrocyte and kidney 
lead concentrations than rats fed a d ie t adequate in copper and containing 
a sim ilar amount of lead (Klauder and Petering, 1975).
Earlier investigations have indicated that vitamin D, calcium, and 
phosphorus influence the deposition of lead in the soft tissues and bone 
(Sobel £ t £ [ . ,  1940). Lowering the calcium and/or phosphorus content 
of the d iet could increase bone or soft tissue lead concentration (Shields
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and M itchell, 1941). This is of importance because the severity of the 
toxic symptoms of lead depends, as i t  is generally known, on the 
concentration o f lead in the blood and soft tissues, such as brain, kidney, 
and liv e r .
More recently i t  was demonstrated in adult rats that severely restricted  
calcium intake enhances the tox ic ity  of lead (Six and Goyer, 1970; Mahafffey,
1973; Quarterman and Morrison, 1975). Blood and soft tissue lead 
concentrations in rats with a deficient intake of calcium are markedly increased 
as compared to the animals on a normal d ie t receiving sim ilar amounts o f lead 
in the d ie t.
The mechanism by which mineral deficiencies enhance the susceptib ility  to 
lead are not, a t present, known. An iron-defic ient d ie t is known to increase 
the gastrointestinal absorption of some metals (manganese, cobalt, z inc), and 
has no effec t on the absorption of others (cesium, mercury, calcium, copper) 
(Pollack e t 1965; Diez-Ewald et a l . ,  1968). I t  is possible that iron 
deficiency enhances the gastrointestinal absorption of lead.
A low-calcium d ie t seems to cause increased absorption of lead (Baritrop 
and Khoo, 1975) and also redistribution from bone to soft tissues (Six and Goyer, 
1970; Goyer and Mahaffey, 1972). In terestingly, high dietary zinc is reported 
to aggravate lead toxic ity  in growing pigs, probably by preventing the normal 
assimilation of calcium and phosphorus, thus enhancing the absorption of lead 
through the gastrointestinal tract ÜIsu ^  1975). In contrast, moderately
increased dietary zinc has a protective effect against the adverse effects of 
lead, probably by decreasing the lead absorption (Cerklewski and Forbes, 1976).
In young children pica plays an important role in the aetiology of lead 
intoxication. One o f the factors contributing to the occurrence of pica is
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a poor d ie t (Cooper, 1959). In this connection, the findings of Snowdon 
and coworkers are of particular importance (Snowdon and Sanderson, 1974; 
Jacobson and Snowdon, 1976). They were able to produce pica to lead in 
rats and monkeys by restricting their calcium intake. In terestingly, whereas 
the low mineral content of the d ie t increases the body lead burden, the high 
mineral content w ill decrease lead uptake (Baritrop and Khoo, 1975) and might 
thus serve as prophylactics for children liv ing in high risk situations.
Studies in rats have indicated that an inadequate protein intake may 
also enhance susceptibility to lead to x ic ity . Baernstein and Grand (1943) 
reported that rats fed lead chloride (1.5%) and kept on a low protein d ie t 
exhibit an increased m ortality, greater decrease in haemoglobin and loss of 
weight gain as compared to those fed sim ilar amounts of lead but adequate 
protein.
Later, Der e t al_. (1974) showed that female rats on a protein-deficient 
d ie t retained more lead in the soft tissues and bone than rats fed an adequate 
protein d ie t and exposed to a sim ilar amount of lead. They suggested that a 
low protein d ie t results in impaired detoxifying mechanisms of the liv e r  thus 
allowing more lead to accumulate.
F inally , the possibility  that the total amount of food or of the energy 
supplied may a ffect lead absorption was investigated in rats by Quarterman 
e t ^ ,  (1976). They found that restricting  the food intake increased the 
retention of lead in growing rats . This may have implications, especially 
in experimental studies where dietary conditions used w ill cause reduced 
appetite.
1 .1 .5 . Growth.
The quality that best characterizes childhood is growth. Growth is 
increase in length, size, and weight, and i t  is normally accompanied by an
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orderly sequence of maturational changes. Growth involves, amongst other 
things, accretion of proteins, increase in gastrointestinal absorption of 
calcium, and decreased excretion of sodium and potassium. Growth is affected 
by various hormones, such as growth hormone, androgens, insulin , and by 
genetic and extrinsic factors (Ganong, 1959).
Patterns of growth vary from species to species. Rats continue to grow, 
although a t a declining rate, throughout their l i f e .  In the somatic growth 
of humans there are two periods of rapid growth: f i r s t  in infancy and the
second at the time o f puberty ju s t before growth stops.
Also various tissues have d ifferen t patterns of growth. The neural tissue 
has almost completed its  growth by the end of the second year, whereas genital 
tissues are re la tive ly  retarded until shortly before puberty (S in c la ir , 1969). 
Lymphoid tissue exceeds its  adult size during childhood and regresses there­
a fte r .
Due to the differences in growth pattern between tissues, the e ffec t o f 
a toxic compound lik e  lead might well involve d ifferen t tissues at d iffe ren t 
stages of development and affect a particular tissue in d iffe ren t ways according 
to the maturation of the constituent ce lls . Physical development may prove 
to be most susceptible during vulnerable periods in utero, and in te lle c tu a l, 
emotional, and social development most (but not exclusively) susceptible in  
the years a fte r b irth  (British Medical Journal, 1965).
The metabolic changes associated with growth and development may partly  
account for the increased susceptibility of the young to the toxic effects of 
lead. For instance, increased uptake of metabolites by the developing brain 
(Dobbing, 1961) may be accompanied by the increased uptake of lead by this
organ at an early age. S im ilarly , i t  is common knowledge that the dietary
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needs of children may exceed those of adults. Consequently, the child w ill 
ingest more lead on a body weight basis, than adults eating the same d ie t.
Although there has been considerable speculation on the vulnerability  
of the immature organism to the toxic effects of lead for over 50 years (B e ll, 
1924; Hardy, 1966; Bari trop, 1969; Lin-Fu, 1972) l i t t l e  progress has been 
made to determine the effec t of growth in  childhood on the to x ic ity  of lead.
The lite ra tu re  reviewed indicates that lead intoxication in children 
is a d iffe ren t health problem from that in adults. The intoxication of 
children is generally an accidential process amongst young children who 
cannot be kept under constant surveillance, whereas in adults lead intoxication  
is an occupational hazard which can be kept under control through periodic 
examinations of the workers in risk situations.
There is some indication that children, besides having greater exposure 
to hazardous sources of lead and ingesting lead more frequently, may absorb 
and retain more lead than adults. Differences in the distribution of lead 
in the body, certain nutritional inadequacies and growth may also act to 
increase the susceptibility of children to lead.
1.2 The present experiment.
Despite the long-standing recognition of lead as a c lin ca lly  important 
poison, the present knowledge concerning the basic metabolism of lead in 
children exposed to toxic concentrations of lead is surprisingly lim ited . 
Understandably, the use of man as an experimental animal in  studies on lead 
intoxication is restricted, especially when i t  concerns the acute form of 
to x ic ity , as commonly observed in lead-intoxicated children.
However, to be able to explain the diverse toxic effects of lead one has
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to have knowledge of the levels of lead in various tissues during the period
of lead intoxication. For this work an animal model is needed. Animals
permit the use of experimental procedures and intervention studies not possible 
in man. Higher doses, toxic to man, can be used and the observations can be
made in a few weeks or months as compared to several years in man.
In the f i r s t  studies on lead intoxication in experimental animals, i t  
was noticed that adult animals are extremely resistant to lead, and thus 
inappropriate especially for studies on the adverse effects of lead on the 
nervous system (Pentschew, 1958). The e ffect of lead on tiie central nervous 
system is probably the most important and tragic aspect of lead intoxication  
in man. Severe lead intoxication in children almost invariably leaves neuro­
logical sequelae such as neurological d e fic it , recurrent seizures and mental 
retardation (Byers and Lord, 1943, Chisolm, 1965; Perlstein and A tta la , 1966) 
and various behavioural defic its  ranging from impaired fine motor coordination 
and hyperactivity to mental retardation have also been observed in children 
with asymptomatic lead exposure (Moncrieff et ^ . ,  1964; de la  Burde and Choate. 
1972; David e t £ [ . ,  1972; Pueschel e t ^ ,,1 9 7 2 ; Beattie e t ^ . ,  1975). In 
this area, more so than any other, an animal model could be of value in helping 
to understand the toxic effects o f lead, and thus aid in the treatment and 
prevention o f the degenerative changes.
In 1966, Pentschew and Garro made the discovery that neurological 
manifestations of lead intoxication can be induced in suckling rats by 
feeding lead to the mother ra t and exposing the infant ra t to lead through 
the mother's m ilk. The lesions in the nervous system produced in the suckling 
ra t were quite sim ilar to those seen in the human in fant. Later these findings 
were confirmed by many investigators using a variety of species (Rosenblum and
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Johnson, 1968; Thomas £ t ^ . ,  1971; Michael son, 1973; Allen £ t ^ . ,  1974).
In the present experiment rats were exposed to lead from b irth , f i r s t  
ind irectly  through the mother's milk, then d irectly  through the d ie t, for 
various lengths of time. The doses of lead used ranged from those producing 
the symptoms of severe lead intoxication as described by Pentschew and Garro 
(1966), to those producing no i l  1 -e ffect other than a s lig h t reduction in 
body weight.
The e ffec t of lead on the food intake and weight gain o f the intoxicated 
animals was studied,and a pair-feeding experiment was carried out to find out 
how much reduced food intake contributed to the growth retardation observed 
in lead-intoxicated suckling rats .
The distribution of lead in the blood and tissues of the suckling rats 
at various ages was measured. For comparison, the distribution of lead was 
also measured in the 1 actating mother rats at the end of the lactation period.
The e ffec t of lead exposure on the development of the suckling rats was 
investigated using maturation of various physical features and reflexes as an 
index of the progress of development.
F inally , the possible behavioural effects of a long-term exposure to lead 
were investigated in male rats exposed continuously to lead from b irth  for 
several months to one year.
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Chapter 2
NUTRITIONAL ASPECTS OF LEAD INTOXICATION IN THE RAT
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2.1 INTRODUCTION
Until 1966 studies on lead intoxication in animals were largely  
hampered by the extreme resistance of adult animals to lead. In 1966 
Pentschew and Garro introduced a new experimental model for studying 
lead intoxication in animals. They fed a d iet containing 4% lead 
carbonate to lactating rats with newly-born l i t te r s ,  thus exposing the 
young pups to lead from birth through maternal milk. The mothers 
tolerated the d iet well and the offspring did not a t f irs t ,e x h ib it  any 
i l l  effects other than a pronounced retardation in growth. However, 
a t about 4 weeks of age, 90% of the sucklings suddenly displayed weakening 
of the hind limbs leading rapidly to a total paralysis o f the hind part 
of the body. Most of the paralysed animals died within a few weeks,but 
some recovered almost completely. Later these findings were confirmed by 
many workers (Rosenblum and Johnson, 1968; Thomas e t  H ,  1971; Michaelson,
1973).
This model seemed particularly  interesting because o f its  s im ila rity  
to pica and consequent lead poisoning in children. The etiologic re la tio n ­
ship between the experimental changes produced in immature rats and those 
observed in young children who have ingested lead was, however, questioned, 
because the severe retardation in growth observed in neonate rodents may 
have reflected dietary abnormalities other than the presence of lead 
(Rosenblum and Johnson, 1968).
The possibility that the total amount of food and energy supplied to 
the young may have affected the appearance of the symptoms of lead 
intoxication was not investigated until Michaelson and Sauerhoff (1974) 
reported that the food consumption and weight gain of the lactating rats
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given a d iet containing 5% lead acetate was considerably decreased 
compared to dams receiving normal d ie t. They also showed, using pair- 
feeding, that the growth retardation observed in lead-intoxicated  
suckling rats was more of a nutritional e ffect than a direct lead 
effec t. Michaelson and Sauerhoff modified the PentscheW-Garro model 
s ligh tly  to maintain the lead exposure of the suckling animals at 
the level of the maternal m ilk, this regimen gave only marginal symptoms 
of lead intoxication in the young animals.
In the present study the original Pentschew-Garro model was used 
to produce the symptoms of lead intoxication in suckling rats. Diets 
containing lead acetate were fed to lactating rats with newly-born 
l i t te r s ,  and the same diets were fed to the young a fte r weaning 
until they were 7 weeks of age. The concentrations used ranged from 
2% lead acetate -  producing paralysis in about 30% of the suckling 
rats to 0.5% lead acetate -  producing no other observable i l l  e ffec t 
than a slight retardation of growth.
Because any changes in the nutritional state of the mother might 
affect the nutrition of the offspring, the food consumption and weight 
gain of the lactating mothers were monitored. S im ilarly, the food 
intake of the lit te rs  was measured during some post-weaning weeks.
Since the f i r s t  experiments clearly showed that the food intake 
of the dams receiving diets containing lead acetate was greatly 
depressed,a pair-feeding study was conducted to find out how much 
undernourishment during the nursing period and the immediate post-weaning 
weeks contributed to the growth retardation observed in lead-intoxicated  
suckling rats.
The preliminary experiments showed that lactating albino rats of 
Wistar strain to ta lly  refused to eat diets containing lead acetate.
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with the resulting death of the l it te rs  by starvation, during the 
f i r s t  week of l i f e .  Other workers using the same model (Pentschew 
and Garro, 1966; Thomas et 1971; Michaelson, 1973) did not report 
sim ilar d iff ic u lt ie s . As fa r as is known, the only difference, except 
for the commercial laboratory d ie t, between this experiment and the 
experiments by the workers mentioned above was the origin of rats 
used. Although albino rats were used in a ll of thèse experiments, the 
strain and the breeder of the rats varied: Pentschew and Garro, Long Evans 
stra in , breeder not given; Thomas.and coworkers, Wistar s tra in , breeder 
not given; Michaelson, Porton s tra in , bred at MRC, Carshalton, Surrey.
For this reason another strain of rats , black-and-white Hooded, was 
included in our experiments.
Later when i t  became evident that there were differences between 
the young Wistar and Hooded rats in the developing of the symptoms 
of lead intoxication, a cross-fostering experiment was carried out 
to further investigate possible strain differences in lead intoxication.
2.2 MATERIALS AND METHODS
2.2.1 Animals
Pregnant rats , of the albino Wistar (University of Surrey SPF 
derived MRC stock) or black-and-white Hooded (Chester Beatty Hooded) 
strain were received a week before the b irth  of the offspring was 
due. They were housed singly in plastic cages with wire mesh lids  
containing s te rilized  wood shavings as bedding. Powdered Control 
diet (see D iet, 2 .2 .2) and tap water were provided ad lib itum .
The environmental conditions in the animal room were kept as 
constant as possible, temperature at 24°C, humidity at 50-60%, 
and lighting 12-hour light-dark cycle. All animals were kept in the 
same animal room, so that they were a ll subjected to the same
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environmental conditions.
2.2.2 Diet
Powdered laboratory animal d iet was used (Powdered Diet for Rodents, 
Lab Diet 2, Spratt's Laboratory Services). The chemical composition 
of the d iet is given in Appendix, Table 1.
Since i t  was found in the preliminary experiments that the 
lactating dams did not readily accept the powdered d iet containing 
lead acetate, a cane extracted sugar compound (Fowler's Treacle) was 
added to a ll d iets, including the d ie t with no lead acetate (Control 
d ie t) . Making the diets s ligh tly  sweeter in this way, resulted in 
a better acceptability of the diets containing lead acetate.
Lead acetate (BDH) was f i r s t  pulverized by hand in a mortar 
and then added to the powdered d iet and mixed for 15 mins in an 
e le c tr ic a lly  operated Hobart mixer. F ina lly , 50g of Treacle per kg 
of the d iet was added and the diet mixed for a further 15 mins.
2.2 .3  Experimental procedure
Results presented in this chapter (and in Chapter 3) are combined 
from several sim ilar experiments carried out over a period of two 
years. Each experiment included one group of rats fed the Control 
d ie t, and 1-2 groups fed diets containing 0 .5 , 1 .0 , or 2.0% lead 
acetate. Each group consisted of 2-5 lactating dams with a l i t t e r  of 
6 pups (numbers were adjusted at b irth ).
Food intake
The experimental diets were given to the dams from the day on 
which the lit te rs  were born (Day 0). The food consumption of the dams 
was monitored weekly during the lactation period. The mean food intakes
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of the groups (g/animal) during the f i r s t ,  second and th ird  week of 
lactation were calculated.
The food consumption of the lit te rs  a fte r weaning was also 
monitored, and the mean weekly food intakes (g/animal) were calculated 
fo r each group.
Body weights
The dams were weighed on Day 0 (an attempt was made at this stage 
to equalize the groups in respect of the body weights of the dams). 
Thereafter, the dams were weighed once a week, on Days 7, 14 and 21, 
until the weaning of the l i t te r s .  Mean body weights were calculated 
for each group.
The l it te rs  of the same strain born on the same day were pooled, 
sexed and weighed before being redistributed to the dams. Thereafter, 
the l it te rs  were weighed once a week. Mean body weights per animal 
were calculated, and the growth was illu s tra ted  as ah increase in 
the mean body weight with age.
Organ weights
At 1, 3, 5 and 7 weeks of age some of the pups from each l i t t e r  
were k ille d  by decapitation a fte r collecting blood by cardiac puncture 
Brain, kidney and liv e r  were excised, wrapped into pre-weighed and 
labelled aluminium fo il squares, weighed and stored at -IS^C 
until analysed for the lead content (details of method 3 .2 ). Mean 
organ weights (g) were calculated for each group.
Pair-feeding experiment
Three lactating Wistar dams with a total of 17 pups served as 
pair-fed controls. The mean weekly food intake of 12 dams fed a d ie t
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containing 2.0% lead acetate, was divided into seven, daily increasing 
portions, and these quantities of Control d iet were then given to 
the dams of the pair-fed group, starting on Day 0. S im ilarly, the 
l i t te rs  were pair-fed a fte r weaning until 7 weeks of age.
The body weights of the pair-fed mothers were measured weekly, 
and the weight gain was expressed as percentage of the body weight 
on Day 0. The weight gain of the pair-fed dams was then compared to 
the weight gain of the dams fed the Control d iet ad libitum (mean of 
21 animals) and to that of the dams fed a diet containing 2.0% lead 
acetate (mean of 12 animals).
The l it te rs  were also weighed once a week, and mean body weights 
per animal were calculated. Growth of the pair-fed l it te rs  was then 
compared to the growth of Control l i t te rs  (mean of 21 l i t te r s )  and 
to the growth of l i t te rs  exposed 2.0% lead acetate in the d ie t (mean 
of 12 l i t te r s ) .
Cross-fostering experiment
Rats of the Wistar and Hooded strain were received from the 
breeder on day 14 of pregnancy and treated as previously described 
(2 .2 .1 ). At b irth  the l it te rs  of the same strain were pooled, sexed, 
and weighed before being redistributed to the mothers. Each mother 
received a l i t t e r  of 8 pups consisting of 4 Wistar and 4 Hooded pups. 
Four Wistar and four Hooded dams were given the Control d ie t, and 
an equal number of animals were fed a d iet containing 2.0% lead acetate 
starting on Day 0. Thus four d ifferen t groups of dams and eight 
differen t groups of pups were formed as shown in Table 2.1.
Unfortunately, the number of pups per group was not equal due 
to loss during the f i r s t  few days of the experiment of some Hooded
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Table 2.1 The number of l it te rs  (pups) in each group
of Cross-Fostering Experiment.
Foster-Mother
Wistar Hooded
Control Lead^) Control Lead  ^^
Wistar 4 (15) 3 (15) 4 (15) 4 (15)
L itte r  (pup)
Hooded 4 (14) 2 (6) 4 (12) 3 (12)
1) 2.0% lead acetate in the d ie t.
pups in groups receiving diets containing lead.
The food intakes and body weights of the dams and the lit te rs  
were measured as already described.
At 3 weeks of age some of the pups from each group were k illed  
by decapitation a fte r collecting blood by cardiac puncture. Brain, 
kidney and liv e r  were excised and treated as previously described.
The rest of the pups were k ille d  at 5 weeks of age.
S ta tis tica l Analysis
The data were analysed using one way analysis of variance followed 
by Student's t - te s t between pairs of groups.
2.3 RESULTS
Except for some retardation in growth the Wistar offspring nursed 
by dams receiving diets containing lead acetate exhibited no i l l  effects  
during the f i r s t  3 weeks of l i f e .
The growth retardation seemed dose dependent, the l it te rs  of the
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Fig. 2.1 Growth of Wistar suckling rats exposed to 0 (o), 0.5 ( • ) ,  1-0 ( ^ ) and 
2.0 ( ■ )  % lead acetate from birth  up to 7 weeks of age.
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dams fed d iet containing 2,0% lead acetate showed most retarded.growth 
(Fig. 2 .1 ). All the lead-exposed Wistar l it te rs  had significantly  
decreased body weights compared to the control l it te rs  from 1 week 
onwards.
Between four and five weeks of age some of the Wistar pups nursed 
by dams receiving diets containing 1.0 and 2.0% lead acetate became 
suddenly paralysed. The percentage of paralysed animals in these 
groups was 10 and 30, respectively. No paralysis was observed in 
any of the pups nursed by dams fed d iet containing 0.5% lead acetate.
The boc(y weights of the Hooded lit te rs  nursed by dams receiving
1.0 or 2.0% lead acetate in the d iet were not sign ificantly  d ifferen t 
form the controls at 1 week of age (Fig. 2 .2 ), and th e ir growth was 
less retarded than that of the lead-exposed Wistar l i t te rs  at the 
end of the nursing period (Fig. 2 .3 ).
No paralysis was observed in any of the Hooded pups nursed by 
dams receiving diets containing lead.
I t  is possible, that these strain differences in growth of the 
lead-exposed pups during the nursing period are, at least partly , 
caused by changes in the nutritional state of the lactating dam. The 
weekly food intakes of the lactating Wistar and Hooded dams are 
presented in Tables 2.2 and 2 .3 , respectively. The food intakes of 
the Wistar dams fed 1.0 and 2.0% lead acetate in the d iet were 
significantly depressed, especially during the f i r s t  week of lac ta tion , 
indicating that diets containing lead acetate are not readily accepted 
by the lactating Wistar dams.
In contrast to this the lactating Hooded dams receiving sim ilar 
diets did not show such a drop in the food consumption during the
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Fig. 2.2 Growth of Hooded suckling rats exposed to 0 (o ), 1.0 (A),  and 
2.0 (■) % lead acetate in the d ie t from birth up to 7 weeks 
of age.
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Fig. 2.3 Effect of 1.0 and 2.0% lead acetate in the d iet on 
body weights of Wistar ( • )  and Hooded (0) suckling 
rats at 3, 5, 7 weeks of age (body weights are 
expressed as percentage of appropriate control).
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Table 2.2 Weekly food intakes of lactating Wistar rats fed 
normal d iet (control) and diets containing 0.5, 
1.0, or 2.0% lead acetate throughout the lactation  
period (mean + S.D.).
Number of 
Diet animals Food intake (g/animal/week) 
l.week 2 .week 3 .week
Control 21 196 + 23® ’303 + 29 f373 + 38
0.5% lead acetate 13 158 + 36® >311 + 35® l376 + 38®
1.0% lead acetate 8 87 + 33® 257 + 39®’ *’ 322 + 22®’ C
2.0% lead acetate 12 55 + 24^ 204 + 39** 281 + 23^
Significantly d ifferent values are indicated by pairs of le tte rs , 
level o f significance a = P < 0.001, b = P < 0.01, c = P < 0.05. 
Values not s ignificantly d ifferent (P > 0.05) are connected with lines
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Table 2.3 Weekly food intakes of lactating Hooded rats fed 
normal d iet (control) and diets containing 1.0 or 
2.0% lead acetate throughout the lactation period 
(mean + S .D .).
Diet Number of animals
Food intake (g/animal/week) 
l.week 2. week 3. week
Control 6 158 + igb 247 + 21® 292 + 42*^
1.0% lead 2 [106 + 8*’ [181 + 9® [232 + g'’acetate
2.0% lead 9 .112 + 20 .193 + 24 .227 + 32acetate
Significantly d ifferen t values are indicated by pairs o f le tte rs , level 
of significance a = P < 0.001, b = P < 0 .0 1 , c = P < 0.05. Values not 
significantly d ifferen t (P > 0.05) are connected with lines.
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f i r s t  week of the experiment.
Although both the Wistar and Hooded dams receiving diets containing 
lead acetate increased th e ir food intake towards the end of the lactation  
period, sim ilarly to the control dams, the dams on the diets containing
1.0 and 2.0% lead acetate consumed less food throughout the lactation  
period than the dams on control d ie t.
Table 2,4 shows the body weights of the Wistar dams during the 
lactation period. The dams fed control d iet or d iet containing 0.5% 
lead acetate gained weight during the f i r s t  week of lactation and 
thereafter maintained th e ir body weights at a constant le v e l, whereas 
the dams fed diets containing 1.0 or 2.0% lead acetate experienced a 
fa l l  in body weights during the f i r s t  week of lactation. The dams 
receiving 2.0% lead acetate in the d iet hardly reached th e ir delivery 
weight (body weight on Day 0) by the end of the lactation period.
Table 2.5 shows the body weights of the Hooded dams during the 
lactatation period. Hooded dams fed diets containing lead acetate 
did not show such a drop in the body weights during the f i r s t  week 
of the lactation period as the Wistar dams on sim ilar diets. However, 
by the end of the lactation period, the differences in the body weights 
of the Hooded dams receiving control d ie t and diets containing 1.0 
or 2.0% lead acetate became significant.
As alreac(y shown, the differences in growth retardation between 
the Wistar and Hooded pups nursed by dams receiving diets containing 
lead acetate seemed to disappear by 7 weeks of age (Fig. 2 .3 ). As 
an attempt to account for this the food intakes of the l i t te r s  were 
measured during some post-weaning weeks. Table 2.6 presents the 
weekly food intakes of the Wistar l i t te rs  a fte r weaning. The rats
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Table 2.4 Body weights of lactating Wistar rats fed normal d ie t 
(control) and diets containing 0 .5 , 1.0 or 2.0% lead 
acetate throughout the lactation period (mean + SO)
Diet Number of animals Day 0^)
Body weight (g) 
Day 7 Day 14 Day 21
Control 21 f250 + 22 (’272 + 19® ■284 + 23 274 + 19
0.5% lead 
acetate 13 250 + 21
■
.256 + 25 278 + 29 284 + 25
1.0% lead 
acetate 8
<
265 + 13 236 + 26®'C .264 + 21^ 272 + 12®
2.0%lead 
acetate 12 .250 + 20 211 + 25*’
237 + 22*’ 240 + 18®
^) the day on which the l i t te r s  were born.
Significantly d ifferent values are indicated by pairs of le tte rs , 
levels of significance a = P < 0.001, c = P < 0.05.
Values not s ignificantly d ifferent (P > 0.05) are connected with lines.
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Table 2.5 Body weights of lactating Hooded rats fed normal d iet 
(control) and diets containing 1.0 or 2.0% lead 
acetate throughout the lactation period (mean + SO),
Diet Number of animals Day D* )
Body weight (g) 
Day 7 Day 14 Day 21
Control 10 20D + 11 219 + 11® 229 + 10® 222 + 8®'b
1.0% lead 
acetate 7 203 + 14 ,207 + 15 208 + 11®
211 + 7^'^
2.0% lead 
acetate 13 >199 + 15 .196 + 13® 199 + 10
201 + 9®'C
^) the day on which the l i t te r s  were born.
Significantly d ifferen t values are indicated by pairs of le tte rs , 
level of significance a = P < 0.001, b = P < 0.01, c = P < 0.05. 
Values not s ignificantly  d ifferen t (P > 0.05) are connected with 
lines.
-  38 -
receiving the d iet containing 0.5% lead acetate always consumed 
sim ilar amounts of food to the animals receiving the control d ie t, 
whereas the l it te rs  receiving the diet containing 2.0% lead acetate 
consumed sign ificantly  less food than the lit te rs  of the other 
three groups during the f i r s t  two weeks a fte r weaning (P<0.05). 
However, by 7 weeks of age a ll differences in the food intakes 
between lead-fed and control l i t te rs  had vanished.
In contrast to th is , the Hooded l i t te r s ,  showing no differences
in the food intake between the lead-fed and control groups during 
the f i r s t  week a fte r weaning, became more affected by lead towards
the end of the experimental period (Table 2 .7 ).
Organ weights
Body and organ weights of the control and lead-intoxicated  
Wistar suckling rats at various ages are presented in Table 2.8. 
Feeding diets containing 0.5% lead acetate did not affect the brain 
weight at any of the ages studied. Whereas this low concentration 
of lead did s ignificantly  reduce the liv e r  weight at 1, 2 and 5 
weeks and caused a transient increase in the kidney weight a t 3 
weeks of age. A d iet containing 1.0% lead acetate reduced the 
brain weight from 3 weeks onwards and caused a decrease in the 
liv e r weight at 5 weeks. This d iet also caused a transient increase 
in the kidney weight at 3 weeks. The 2.0% lead acetate d iet 
caused a decrease in the brain weight at a ll ages studied, a 
decrease in the liv e r Weight at 1, 3 and 5 weeks,and a decrease 
in the kidney weight at 1 and 5 weeks of age.
Table 2.9 shows the body and organ weights of the control and 
lead-intoxicated Hooded suckling rats at various ages. The d iet
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Table 2.6 Weekly food intake of weaned^) Wistar rats fed normal 
d iet (control) and diets containing 0 .5 , 1 .0 , or 2.0% 
lead acetate (mean + SO)
Diet Number of l i t te rs  4 .week
Food intake (g/animal/week)
5.week 6.week 7, week
Control
0.5% lead 
acetate
1.0% lead 
acetate
2.0% lead 
acetate
6 '61 + 3 
(68)
100 + 6  ^
(78) ,
127 + 15*’ 
(76)
139 + 20 
(68)
8 60 + 3 
(75)
'96 + 9 
(84)
,124 + 15b 
(84)
-
4 ,59 + 3® 
(80)
.89 + 7®'b 
(83)
1108 + lO*’ 
(78)
138 + 26 
(80)
4 49 + 8® 
(85)
68 + 5® 
(84)
,97 + 9*’ 
(88)
,127 + 15 
(89)
1 )
weaned at 3 weeks of age from mothers on same diets.
each l i t t e r  consists of 2-6 pups.
The weekly food intakes in g/lOOg of body weight in parentheses.
S ignificantly d ifferent values are indicated by pairs o f le tte rs , 
level of significance a = P < 0.001, b = P < 0.01, c = P < 0.05. 
Values not s ignificantly d ifferen t (P > 0.05) are connected with 
lines.
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Table 2.7 Weekly food intakes of weaned^) Hooded rats fed normal 
diet (control) and diets containing 1.0 or 2.0% lead 
acetate (mean + SO).
Diet Number of«x l i t te rs  ’ 4 .week
Food intake (g/animal/week)
5. week 6. week 7. week
Control 4 (50 + 3 
(80) 1
76 + 4® 
(86)
104 + 8®'C* 
(86)
108 + 8®'b
(73)
1.0% lead 
acetate
4 51 + 2 
[89)
.72 + 7*’ 
(93)
85 + 10F*'C 
(87)
88 + 7*’ ’ *’ 
(74)
2.0% lead 
acetate
4 .45 + 3 
[90)
53 + 7®'b 
(82)
66 + 9®'C 
(85)
77 + 5®'C 
(79)
^) weaned at 3 weeks of age from mothers on same diets.
each l i t t e r  consists of 2-6 pups.
The weekly food intakes in g/lOOg of body weight in parentheses. 
Significantly d ifferent values are indicated by pairs of le tte rs , 
level of significnace a = P < 0.001, b = P < 0.01, c(c*) = P < 0.05. 
Values not significantly different(P  > 0.05) are connected with lines.
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containing 1.0% lead acetate caused a decrease in the brain weight 
at 3 weeks and a decrease in the liv e r  weight at 3 and 7 weeks.
The 2.0% lead acetate d iet caused sim ilarly a decrease in the brain 
weight at 3 weeks and a decrease in the liv e r  weight at a ll ages 
studied.
Pair-feeding experiment
Fig. 2.4 shows the weight gain o f the Wistar dams in the control 
group and in the group fed the 2.0% lead acetate d iet and th e ir  
pair-fed controls during the lactation period. I t  shows quite 
conclusively that loss of weight experienced by the dams fed 2.0% 
lead acetate in the d iet is due to decreased food intake rather than 
to any direct toxic e ffec t of lead.
On the other hand, growth curves fo r the lit te rs  of the control 
group, the group fed the 2.0% lead acetate d iet and th e ir pair-fed  
controls indicate that growth retardation of lead-intoxicated 
suckling rats is caused partly by decreased food intake, and partly  
by a toxic e ffect of lead in the d iet (Fig. 2 .5 ).
Cross-fostering experiment
The growth of Wistar l it te rs  nursed by Wistar or Hooded dams 
fed control d iet or diet containing 2.0% lead acetate is shown in 
Fig. 2.6. The growth ratesof both control groups were almost identical, 
whereas the growth rate of the pups nursed by Wistar dams receiving 
2.0% lead acetate in the diet was depressed, in comparison with the 
growth rate of the pups nursed by Hooded dams fed sim ilar d ie t, the 
difference being barely significant at 2 weeks of age (P<0.05).
This agrees well with the previous findings that Hooded dams accept 
lead acetate containing diets more readily, thus resulting in better
-  44 -
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Fig’. 2.4 Weight gain of control ( o ) ,  Z% lead acetate exposed (" ) ,a n d  th e ir  
pair-fed control ( o )  dams (Wistar) during the lactation period.
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Fig. 2.5 Growth of control ( o ) ,  2% lead acetate exposed ( ■ ) ,  and th e ir  pa ir-f( 
control ( □ )  suckling rats (W istar), from birth  to 7 weeks o f age.
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Fig. 2.6 Growth of Wistar suckling rats (0-5 weeks old) nursed by Wistar 
or Hooded dams fed control or 2% lead acetate containing d ie t. 
(The number of suckling rats in parentheses).
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Fig 2,7 Growth of Hooded sucking rats (0-5 weeks old) nursed by Hooded 
or Wistar dams fed control or 2% lead acetate containing d ie t. 
(The number of suckling rats in parentheses).
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nourishment of the suckling l i t te r s .
Fig. 2.7 shows the growth of Hooded suckling rats nursed by 
Wistar or Hooded dams fed the control d iet or the diet containing 
2.0% lead acetate throughout the lactation period. Again, the 
growth of the lead-intoxicated suckling rats nursed by Wistar dams 
was more depressed than the growth of the lead-intoxicated suckling 
rats nursed by Hooded dams.
2.4 DISCUSSION
Lead acetate fed in the d iet to lactating Wistar dams with 
l i t te rs  caused a dose related retardation in the growth of the 
suckling rats. Moreover, the Wistar pups nursed by the dams receiving 
the highest lead dosages, displayed at 5 weeks of age the same symptoms 
of severe lead poisoning as those described by Pentschew and 
Garro (1966), Thomas et ^  (1971) and Michael son (1973) in lead- 
intoxicated suckling rats - drastic loss of weight, weakening of 
hind limbs, leading to the total paralysis of the hind part of the 
body. The slight d issim ilarities between our findings and the 
findings by the investigators mentioned above which include 1-2 
weeks delay in the appearance of paralysis, less paralysed animals 
per dose, and no reddish-brown pigmentation of cerebellum of the 
paralysed animals, may have been caused by the lower dietary lead 
level used in our studies, 2% lead acetate vs. 4% lead carbonate 
(Pentschew and Garro, 1966), 4.5% lead carbonate (Thomas 1971)
and 5% lead acetate (Michaelson, 1973).
There is l i t t l e  doubt that the weakening of hind limbs leading to 
paralysis is a direct toxic effect of lead. There is , however, some 
reason to believe that growth retardation observed in the lead-intoxicated  
suckling rats is not a direct lead effect but due to some other, most
-  49 -
probably nu tritio n a l, factors.
Decreased food intake and consequent loss of weight observed in 
the lactating Wistar dams suggest that the lead-exposed Wistar pups 
were undernourished during the nursing period. Undernutrition may 
have been caused by reduction in the maternal milk flow and/or by 
some change in the behaviour of the mother towards her young.
These studies on Hooded rats suggest that growth retardation 
of lead-intoxicated suckling rats is more of a nutritional e ffec t 
than one d irectly  attributed to lead. Hooded dams fed diets 
containing lead acetate showed less reduction in the food intake and 
weight gain than Wistar dams on sim ilar diets. This probably resulted 
in better nourishment of the ir pups during the nursing period and 
consequently in less growth retardation.
The results from the cross-fostering experiment further support 
the previous findings. Wistar and Hooded pups nursed by Hooded dams 
fed a d iet containing lead acetate were consistently heavier than 
pups nursed by Wistar dams on a sim ilar d ie t.
Although this data from experiments on Wistar and Hooded rats 
suggest that growth retardation in lead-intoxicated young animals is  
primarily due to some effect on nutrition ,the possib ility  of a d irect 
toxic effect of lead cannot be excluded. Indeed, the growth of the 
Wistar suckling rats of the dams fed a d iet containing 0.5% lead 
acetate was s lig h tly , but s ign ifican tly , retarded in spite of the 
facts that th e ir mothers showed hardly any change in the food intake 
and weight gain during the lactation period compared to the control 
dams and th e ir food intake a fter weaning was not d ifferen t from that 
of the control animals. This and the finding in the present study 
that the lead-intoxicated Wistar suckling rats did not grow as fast
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as th e ir pair-fed controls would indicate that growth retardation of 
lead-intoxicated young rats is partly due to lead i ts e lf ,  and partly  
to decreased food consumption.
Similarly to the the present findings, Michaelson and Sauerhoff (1974) 
observed that the food intakes of nursing dams fed diets containing 
lead were most depressed during the f i r s t  few days on experimental 
diets. This would indicate an effect of the p a la tab ility  of the lead 
acetate containing d iet rather any physiological e ffec t on the 
regulation of the food intake. I t  has been reported that mice, when 
given diets containing lead as lead carbonate in increasing concentrations, 
are able to detect 0,16% lead in th e ir food and prefer unadulterated 
food (Maker et £ l ,  1973).
In the present studies, the nursing Hooded dams seemed to accept 
lead acetate containing diets more readily than the albino Wistar 
dams, indicating a possible strain difference in acceptance of the 
diets containing lead. Similar findings have been reported by 
Maker et ^  (1975) studying the effect of lead on mouse brain 
development. They observed that highly inbred C57 mice rarely raised 
their l it te rs  i f  given 0.8% lead as lead carbonate in the d ie t, while 
less inbred albino mice accepted dietary lead levels up to 2% of lead. 
Strain differences in response to experimental treatments have not been 
systematically studied, although they might have important implications, 
especially in the interpretation of the results, as already discussed.
Food consumption of the lead-intoxicated l it te rs  a fte r weaning 
seemed more related to retarded growth than to lead content of the 
diet. Although the Wistar sucklings fed diets containing lead acetate 
ate less, especially during the f i r s t  two weeks a fte r weaning, than 
the suckling rats receiving Control d ie t, th e ir food intake in relation
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to body weight was increased compared to the control animals. Increased 
relative food intake in lead-intoxicated Wistar rats may have been 
caused by severely depressed body weights observed in these animals, 
or i t  might be an indication of some other e ffect related to lead. 
Snowdon and Sanderson (1974) have reported that solutions containing 
lead acetate were ingested in greater proportions by weanling rats fed 
low calcium diet than by control weanlings, indicating that a 
nutritional deficiency can produce pica to lead in experimental animals.
I t  is d if f ic u lt  to draw any conclusions of the changes in the 
organ weights of the lead-intoxicated suckling rats , without having 
data of the organ weights in the pair-fed animals at various ages.
The brain weights of the lead-intoxicated suckling rats in the present 
study were, in agreement with the findings of Michaelson (1973) and 
Maker et al. (1973), consistently decreased compared to the age matched 
controls. Winick and Noble (1966), however, showed that caloric  
restriction during suckling period resulted in permanent decrease of 
brain weight of ra t. The fact that the brain weights of the Hooded 
pups in the present study were less affected, also suggests that 
decrease in the brain weights of lead-intoxicated suckling rats is  
primarily due to nutritional state.
Unlike the brain and liv e r  weights, the kidney weights were not 
reduced in the lead-intoxicated suckling rats , with the exception 
of the Wistar pups exposed to 2% lead acetate. There was even an 
indication of a s lig h t, but s ign ifican t, increase in the kidney weights 
of the animals exposed to 0.5 and 1.0% lead acetate. This might be 
a toxic effect by lead, since according to Winick and Noble (1966), 
undernourishment during the nursing period w ill result in a decrease 
of the kidney weight proportional to a decrease in the body weight.
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Goyer (1968) reported an increase in the kidney weight in rats 
fed d iet containing 1% lead acetate. This increase was positively  
correlated with the degree of aminoaciduria, and was thought to be 
due to an increase in the flu id  content of the renal ce lls . Goyer 
suggested that the kidney damage was caused by loss in active transport 
of amino acids and loss of a b ility  of the kidney to maintain its  
normal water and cation balance. Other investigators have shown that 
repeated and chronic administration of lead stimulates DNA synthesis 
causing ep ithe lia l hyperplasia in the ra t kidney (Choie and Richter, 
1972, 1973).
Interestingly, an increase in kidney weights was observed in the 
3 weeks old Wistar rats of 0.5% lead acetate group. These same 
animals were retarded in growth without being undernourished during 
the suckling period. I t  is possible that the growth retardation in 
these animals was caused by a direct toxic e ffec t of lead on the 
kidneys.
-  53 -
Chapter 3
EFFECT OF AGE ON THE TISSUE DISTRIBUTION OF LEAD 
IN THE RAT
-  54 ”
3.1 INTRODUCTION
Since the risk of lead intoxication is especially high in young children 
(Barltrop, 1969; Chisolm, 1971a;Lin-Fu, 1972, 1973), many of the studies 
on lead and its  effects on liv ing  organisms have concentrated on determining 
the effect of lead on the young. However, in spite of the growing evidence 
of the high absorption of lead by young children (Lin-Fu, 1973), and the 
recognition of factors influencing the tox ic ity  of lead (Goyer and Mahaffey, 
1972), i t  is not yet fu lly  understood why the major impact of human lead 
poisoning occurs in children.
Toxicity of orally  ingested lead depends f i r s t  on the amount of lead 
ingested and secondly on the percentage absorbed and retained by the body 
afte r ingestion. Knowledge of the distribution of lead within the body is 
also necessary for a fu ll evaluation of the possible dangers of lead 
exposure.
Most information about the metabolism of lead in man has been derived 
from studies of lead intake and excretion. These studies indicate that 
the percentage of ingested lead absorbed is higher in children than in  
adults, values of 25-50% for children and 10% for adults have been quoted 
(Kehoe, 1961; Thompson, 1971; Alexander et a l . ,  1973; Karhausen, 1973; 
Rabinowitz et £1^., 1973).
Analysis of human tissues obtained at autopsy show that lead accumulates 
in the body, and especially in the bone, with age (Schroeder and Tipton, 
1968; Barry and Mossman, 1970; Barry, 1975). However, the concentration 
of lead in soft tissues is 're la tiv e ly  constant, particularly  a fte r the 
second decade. These studies, like  those on lead intake and excretion, 
were done mostly on persons who did not have a history of abnormal exposure 
to lead. They do not therefore explain why the severe symptoms of intoxication
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by ingested lead are encountered in children more frequently than in 
adults.
Pentschew and Garro (1966) showed that neurologic manifestations of 
lead intoxication, sim ilar to those observed in young children suffering
from lead poisoning, can be produced in suckling rats by feeding lead
in the d ie t to the lactating mother rats. In spite of widespread use 
of this model in studies of lead intoxication in experimental animals, 
there seems to be a surprising.lack of data on the lead concentrations in the
tissues of young animals exposed to lead from a very early age.
High concentrations of lead in the brain (6-12 pg/g) at the time of the
appearance of the neurologic symptoms of lead intoxication have been found 
in suckling rats exposed to lead from an early age (Thomas e t a l . ,  1971 ; 
Michaelson, 1973; Goldstein e t , 1974). However, the kidney seems to 
be the organ with the highest concentration of lead per gram of tissue 
(up to 20 pg/g) (M illar ^ £ 1 . ,  1970).
In the present study, lead was determined in the blood, brain, kidney 
and liv e r  of suckling rats exposed to lead from b irth , f i r s t  through the 
mother's m ilk, and then d irectly  through the d iet containing lead as lead 
acetate. The lowest concentration of lead acetate in the diet(0.5%) 
produced, in the suckling rats , no other observable i l l - e f f e c t  than a 
sligh t retardation in growth, the highest lead concentration (2.0% lead 
acetate) caused, in about 30% of the suckling rats, total paralysis o f the 
hind part of the body at 3-5 weeks of age.
In this experimental model the source of nutrition of the suckling rats 
varies with age, during the f i r s t  few weeks only maternal milk is ingested, 
followed by a gradual transition to solid food as the only source of nutrition
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This may cause considerable changes in the amount of lead to which the suckling 
rats are exposed at various ages. For this reason the blood and tissue lead 
concentrations were determined in the suckling rats of various ages: one 
week (maternal milk as a sole n u tritio n ), three weeks (transition to solid 
food), five  and seven weeks (solid food as the only source of n u tritio n ).
To compare the blood and tissue lead concentrations between the young 
and the adult, the lead concentrations were determined in the tissues of 
the dams at the end of the lactation period.
As in the experiments described in the previous chapter, two strains 
of rats (albino Wistar, black and white Hooded) were used in these studies 
and a cross-fostering experiment was carried out to investigate the observed 
strain differences in lead intoxication in more d e ta il.
3.2 MATERIALS AND METHODS
3.2 .1 . Animals, diets and experimental procedure.
Animals, d iets, and experimental procedure were as described in 2 ,1 .1 .,
2 .1 .2 ., and 2 .1 .3 .
3 .2 .2 . Collection of blood and tissue samples.
One-week old pups were k illed  by decapitation, and blood collected into 
heparinized glass-vials (N.B. All glassware used in these experiments was 
f i r s t  washed with 10% n itr ic  acid, then rinsed in deionized water and dried 
before use).
Three, five and seven week-old suckling rats and the dams were 
anesthetized with ether, and blood collected by cardiac puncture into 
heparinized syringes.
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Blood samples were stored at +4°C until analysed for lead (th is  was 
normally carried out within a week from collection of the samples).
Brain, kidney and liv e r  were quickly excised, blotted on a f i l t e r  
paper to remove excess blood, and wrapped in pre-weighed and labelled  
aluminium fo il squares. A lternatively, small, acid-washed vials were 
used instead of aluminium f o i l .
Tissue samples were stored at -15°C until solubilized fo r analysis.
3 .2 .3 . Determination of lead in the blood and tissue samples.
3 .2 .3 .1 . Pretreatment of the samples.
Blood. No other pretreatment was necessary than appropriate dilutions  
with deionized water.
Tissues. Brain, kidney and liv e r  of less than 2g of wet weight were 
solubilized using a s light modification of the method of Murthy ^  a2.(1973). 
The whole organs were placed in 10 ml graduated, glass-stoppered tubes and 
one ml of tetramethy 1-ammonium hydroxide solution (Aldrich Chemicals, 25% 
methanolic solution) was added per gram of tissue. The tubes were incubated 
in a water bath at 60°C for 60 min. or until the tissues were completely 
dissolved. The tubes were mixed occasionally using Vortex-mixer, and i f  
necessary more tetramethyl-ammonium hydroxide was added.
Liver and kidney samples weighing more than 2g were f i r s t  homogenized 
in universal containers using an MSE homogenizer. An homogenous sample 
of 0 .5 -1 .Og was taken fo r solubilization with tetramethyl-ammonium hydroxide.
3 .2 .3 .2 . Determination of lead.
Blood and solubilized tissue samples were analysed for lead by the method 
of Delves (1970) using an atomic absorption spectrophotometer (IL -35 3 ). The
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conditions of the measurement were as follows: wavelength, 217.0 nm; 
lamp current, 7mA (lead), 10mA (hydrogen continuum); s l i t ,  320; scale 
2.5 or 5 (lead), 5 ( hydrogen continuum); recorder range 20; chart
speed 10.
Volumes of lOpl of the samples were pipetted into nickel crucibles 
(Electronic Development Company» Guildford, Surrey) and dried on a hot 
plate (^ 140°C). The crucibles were then placed into the acetylene flame 
and the absorption peaks, due to atomization of lead, were recorded.
All samples and standards were run in tr ip lic a te .
Standards containing 10, 20, 40, 60, 80 and 100 pg of lead per 100 ml 
were made in deionized water by diluting the stock solution containing 1 mg . 
of lead per ml (BDH, lead n itra te  in 1-N n itr ic  acid). Sample calibration  
curves are shown in Fig. 3.1 .
All samples exceedinglOOpg oflead/100 ml were diluted with deionized water
To eliminate the matrix e ffect on the absorption peak the standard 
curves were made using the method of additions, thus the appropriate 
recovery tests were not necessary.
Blood and tissue lead values were read from the appropriate standard 
curves and expressed as yg of lead/100 ml of whole blood and pg of lead/g 
of tissue (wet weight), respectively.
S ta tis ti cs
Means and standard deviation were calculated for each group. The pairs 
of groups were compared s ta tis tic a lly  using either Student's t - te s t  or the 
the Wilcoxon Rank Test.
-  59 -
0.64
0.48
Ec
cO 0.32
4->
CL$-O</>
0.16
100
Lead, yg/100 ml
Fig. 3.1. Calibration graphs for the determination o f lead in blood
(• )  and in kidney (A) by atomic absorption spectrophotometry, 
Experimental conditions are given in the methods.
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Correlation analysis (linear correlation coeffic ient, its  s ta tis tica l 
significance, linear regression line with slope and intercept, or best 
f i t  polynomial regression line) and analysis of variance (s tra in , age, 
dose) were performed using the appropriate SPSS-programme (Nie et a l . ,  1975)
For analysis of variance and t- te s t the data was transformed into the 
logarithmic form.
3.3 RESULTS
3.3.1 Dams
Table 3.1 shows the concentrations of lead in the blood and tissues 
of Wistar dams fed various amounts of lead acetate in the d ie t during the 
lactation period. There was a progressive increase in the blood, brain, 
and liv e r  lead concentrations with increasing concentrations of lead in  
the d ie t.
Fig. 3.2 shows that there was a linear relationship between the 
concentration o f lead in the blood and the concentrations in the brain 
and liv e r , indicating that there was no apparent threshold for the entry 
of lead into these tissues into the adult ra t exposed to lead in the d iet 
for a short period of time. Neither was there apy saturation in the 
uptake of lead by these tissues at the high blood lead levels.
In contrast, the concentrations of lead in the kidneys of the Wistar 
dams fed diets containing 0.5 , 1.0 or 2.0% lead acetate, were not 
significantly d ifferent from each other (Table 3 .1 ), and the uptake of lead 
by the kidneys at high blood lead levels was saturated (F ig. 3 .2 ).
The Hooded dams receiving d iet containing 2.0% lead acetate had
significantly  higher concentrations of lead in a ll the tissues studied than 
the Hooded dams receiving a diet containing 1.0% lead acetate (blood,
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Table 3.1 The effect of feeding diets containing various
concentrationsof lead acetate to lactating Wistar 
rats during the period o f lactation on the 
concentrations of lead in the blood, brain, kidney 
and l i v e r . (Values are means + S D ).
Diet Blood^) 
(yg/100 ml)
Lead concentration 
Brain^) Kidney^)
(yg/g) (yg/g)
Liver^)
(yg/g)
Control 1 5 + 6  (17) 0.22 + 0.16(17) 0.82 + 0.69(11) 0.36 + 0.15(15)
0.5% lead 
acetate 100 + 18(13)® 0.49 + 0.12(13}® 17.3 + 3.9 (12) 2.01 + 0.40(11)®
1.0% lead 
acetate 178 + 70(8)® 0.91 + 0.15(5)® 21.5 + 3.7 (5) 2.89 + 0.74(5)®'®
2.0% lead 
acetate 347 + 79(10)® 1.69 + 0.48(7)® .19.4 + 3.0 (7) 6.02 + 1.82(6)®
1) whole blood
2) wet weight
The number of samples analysed in parentheses
Significantly d ifferen t values are indicated by pairs of le tte rs ,
level of significance a = P < 0.001, c = P < 0.05.
Values not significantly d ifferen t P > 0.05) are connected with lines.
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Table 3.2 The effec t of feeding diets containing various 
concentrations of lead acetate to lactating Hooded
rats during the period of lactation on the
concentrations of lead in the blood, brain.
kidney and liv e r* (Values are means + SD).
Lead concentration
Diet Blood^) 
(yg/100 ml)
Brain^)
(yg/g)
Kidney^)
(wg/g)
Liver^)
(pg/g)
Control 1 9 + 5  t6) - - -
1.0% lead 
acetate 235 + 54C7)® 1,30 + 0 .23(4)* 17.9 + 1.2(4)*’ 3.99 + 0.88(4)
2.0% lead 
acetate 474 + 15501) ® 2.62 + 0.85(8)® 28.3 + 9.8(8)*’ 8.47 + 4.11(8)
1) whole blood
2) wet weight
The number of samples analysed in parentheses
Significantly d ifferent values are indicated by pairs of le tte rs ,
level of significance a = P < 0.001, b = P < 0.01.
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brain ,P < 0.001; kidney, l iv e r ,P < 0.01) (Table 3 .2 ).
The Hooded dams seemed to have consistently higher blood and tissue 
lead concentrations than the Wistar dams fed sim ilar diets for a sim ilar 
time (Fig. 3 .3 ). The differences were significant for the blood and 
brain on the 1.0 and 2.0% lead acetate diets and for kidney on the 2.0% 
lead acetate d iet (P < 0.05).
3.3.2 Wistar suckling rats
Table 3.3 shows the lead concentrations in the blood and tissues o f  
the Wistar suckling rats at various ages.
One-week-old suckling rats
The baby rats nursed by the dams fed 0.5% lead acetate in the d iet 
had, at one week of age, sim ilar blood, brain, and liv e r  lead concentrations 
to th e ir mothers. This was surprising in the sense that the milk o f the 
dams contained only 2.65 + 0.85yg lead/g (mean + SO of 5 samples, analysed 
from the stomach contents of the sacrificed pups), whereas the d ie t fed to
the dams contained approximately 2700 yg of lead/g.
The lead concentrations in the blood, brain, and liv e r  o f the one 
week-old suckling rats from the 2.0% lead acetate group were somewhat lower 
than in their dams. They were, however, s ignificantly  higher than in the 
suckling rats from 0.5% lead acetate group.
The lead concentrations in the kidneys of the one week-old Wistar
pups from both 0.5 and 2.0% lead acetate groups were considerably lower 
than in the ir respective dams at the end of the lactation period, indicating  
that the kidney may not play such an important role in the excretion of 
lead in baby rats.
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Three week-old suckling rats
During the third week of l i f e  the suckling rats s tart weaning themselves 
by eating some solid food in addition to maternal milk. I t  is possible 
that this exposure to re la tive ly  larger amounts of lead in the solid food 
as compared to the maternal m ilk, results in the very high blood and tissue 
lead concentrations observed in the Wistar suckling rats at 3 weeks of age 
(Table 3 ,3 ). The blood lead concentrations in the lead-intoxicated Wistar 
suckling rats at 3 weeks were 2-4 times higher than in the dams at the end 
of the lactation period.
The concentration of lead in the blood of the suckling rats receiving 
the 1.0% lead acetate d iet was higher (P < 0.01) than in the blood o f those 
receiving the 0.5% lead acetate d ie t, but there was no difference in the 
concentration of lead in the blood of the suckling rats receiving the 1.0 
and 2.0% lead acetate diets (Table 3 .3 ).
Like the concentrations of lead in the blood, those in the brains 
of the lead-intoxicated Wistar suckling rats at 3 weeks of age were 
considerably higher than in the dams at the end of the lactation period.
The difference in the concentration o f lead in the brain between the 0.5 
and 1.0% lead acetate groups was s ta tis tic a lly  significant (P < 0 .01), 
whereas the lead concentrations in the brains of the suckling rats exposed 
to 1.0 and 2.0% lead acetate were sim ilar.
As in the blood and brain the concentrations oflead in the livers  
of the lead-intoxicated three weeks old suckling rats were many times higher 
than in th e ir dams. However, there were no significant differences in the 
concentrations of lead in the liv e r  between the suckling rats from d iffe ren t 
groups receiving 0 .5 , 1.0 or 2.0% lead acetate.
68 -
The greatest increase at three weeks was observed in the concentration 
of lead in the kidney. Whereas the concentrations of lead in the kidneys 
of the lead-exposed suckling rats were, at one week of age, only one-tenth 
of the concentration in the dams at the end of the lactation period, those 
at 3 weeks were ten times higher than in th e ir dams.
The poor dose-dependence of the blood and tissue lead concentrations 
in the three week-old Wistar suckling rats may indicate, that the actual 
amounts of lead to which the pups were exposed, were more sim ilar in  
differen t groups than the lead acetate levels in the diets would suggest. 
Transition from maternal milk to solid d ie t may occur s lig h tly  la te r  in the 
pups exposed to 2,0% lead acetate than in those exposed to 0.5 and 1.0% 
lead acetate.
Five week-old rats
In spite of the continuous ingestion of lead in the d iet there was a 
decrease at 5 weeks in the blood, liv e r  and kidney lead concentrations o f 
the suckling rats receiving diets containing 0.5 ot 1.0% lead acetate 
(Table 3 .3 ). Especially in the kidneys did the concentration o f lead in 
these animals fa ll dramatically from 46.8 to 15.2 pg/g and from 157.7 to 
17.6 pg/g, respectively.
S im ilarly, the concentration of lead in the kidneys of the suckling 
ra ts , fed a d ie t containing 2.0% lead acetate, was considerably reduced 
at 5 weeks compared with that at 3 weeks of age (Table 3 .3 ). However, 
these animals showed an increase in the concentration of lead in the blood, 
and no change in that of the liv e r .
The concentrations of lead in the brains of the five-week old lead-
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intoxicated Wistar suckling rats were sim ilar to those at 3 weeks in a ll 
the groups studied.
Seven week-old rats
By seven weeks of age, the concentration of lead in the blood, liv e r  
and kidney of the lead-exposed Wistar rats had fa llen  to levels sim ilar 
to those obtained for the dams at the end of the lactation period. 
Furthermore, as in ithe dams, the blood, brain, and liv e r  lead concentrations 
seemed to depend on the level of lead in the d iet (Table 3 .3 ).
The concentration of lead in the kidneys of these animals did not, 
however, show sim ilar dependence on the level of lead in the d ie t. The 
concentration of lead in the kidneys of the animals fed 0.5 and 1.0% lead 
acetate in the d ie t were sim ilar, and the difference between the 1.0 and 
2.0% lead acetate groups was not s ta tis tic a lly  significant (Table 3 .3 ).
The concentrations o f lead in the brains of the seven week-old rats 
were sim ilar to those at 3 and 5 weeks, in spite o f the considerable decrease 
in the blood lead concentrations during the four post-weaning weeks. This 
indicates that once lead is deposited in the brain i t  is not easily removed.
Fig. 3.4 summarizes the effect of age on the blood and tissue lead 
concentrations in Wistar suckling rats exposed to lead from b irth , f i r s t  
ind irectly  through mother's m ilk, then d irectly  through the d ie t containing 
0.5 or 2.0% lead acetate. The pattern of changes in the lead concentrations 
with age was clearly d ifferen t for the tissues studied.
The concentrations of lead in the blood increased rapidly towards the 
end of the suckling period reaching a peak at 3 weeks and 5 weeks in the 0.5 
and 2.0% lead acetate groups, respectively. By seven weeks of age the blood
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lead concentrations in both lead-exposed groups had fa llen  to levels 
observed in the dams at the end of thé lactation period.
A rapid increase during the la tte r  part o f the suckling period was 
also observed in the concentration of lead in the brain. However, in 
contrast to the concentrations of lead in  the blood, the concentrations 
in the brain were maintained at a more or less constant level a fter 3 weeks 
(Fig. 3 .4 ).
The concentrations of lead in the kidneys of the lead-exposed Wistar 
suckling rats increased many times between one and three weeks o f age, 
and were reduced as rapidly between 3 and 5 weeks to levels which were 
maintained to the end o f the experiment (Fig. 3 .4 ).
The changes in the concentrations of lead in the liv e r  with age 
were sim ilar to those observed in the blood, a rapid increase by 3-5 weeks 
of age, and then a decrease to levels obtained for th e ir  dams at the end 
of the lactation period.
A two-factor analysis of variance (dose, age) was performed on the 
data illu s tra ted  in Fig. 3 .4 . The changes in lead concentrations with age 
were highly significant (P < 0.001) for a ll the tissues studied. Likewise, 
the effect of the level of lead in the d ie t on the lead concentrations was 
significant for blood, brain, and liv e r  (P < 0.001) and for kidney 
(P < 0 .01).
The significant dose x age -interactions (blood, brain, liver,P  < 0.001;
kidney, P < 0.05) indicate that changes in the blood and tissue lead con-
\
centrations with age were not parallel fo r the two dose levels used. The 
animals fed 0.5% lead acetate in the d iet showed no increase (blood, 
brain, liv e r) or a smaller increase (kidney) in the lead concentrations
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between 3 and 5 weeks as compared to the animals receiving 2.0% lead 
acetate in the d ie t.
Fig. 3.5 to 3.8 show the correlation of the blood lead concentration 
with the brain, liv e r  and kidney lead concentrations in the lead-intoxicated 
Wistar suckling rats at one, three, fiv e , and seven weeks of age. The 
linear correlation coefficients, th e ir s ta tis tic a l significance, and formulas 
for linear regression lines (or best polynomial regression lines) are given.
At one week of age, the uptake of lead by the brain, liv e r  and kidney 
showed a sim ilar saturation at the higher blood lead levels (Fig. 3 .5 ). This 
may indicate that the capacity of these tissues to retain lead is lim ited  
at this age, or i t  may be due to the short time period o f exposure.
At three and five weeks of age, the brain, l iv e r , and kidney lead 
concentrations were linearly  correlated with the concentrations of lead in  
the blood in the range studied (Fig. 3.6 and 3 .7 ). However, some o f the 
kidney lead concentrations at 3 weeks were considerably higher than the 
predicted values, which may be associated with the increased kidney weights 
at 3 weeks in some of the le ad-intoxicated groups (Table 2 .8 ).
The most prominent feature of the correlations between the blood and 
tissue lead concentrations in the seven week-old rats was the increase in 
the slope of the linear part of the regression line for the dependence of 
the brain lead concentration on the blood lead concentration (Fig. 3 .8 ).
This again indicates that lead is not removed from the brain immediately 
the blood lead level fa lls .
3.3 .3 Hooded suckling rats
Table 3.4 shows the lead concentrations in the blood and tissues of 
the Hooded suckling rats exposed to lead from b irth , f i r s t  ind irectly  through
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maternal milk, then d irectly through the d iet containing 1.0 or 2.0% 
lead acetate.
The lead concentrations in the blood of the Hooded suckling rats 
increased four-fold during the las t two weeks of the suckling period, 
from 72 to 301 yg/100 ml in the 2.0% lead acetate group. There was a 
further increase by 5 weeks followed by a s ligh t decrease by 7 weeks of 
age.
The differences in the concentrations of lead in the blood of the 
suckling rats in the 1.0 and 2.0% lead acetate groups were s ta tis tic a lly  
significant at a ll ages studied.
The lead concentrations in the brains of the Hooded suckling rats 
also increased considerably between one and three weeks of age, with a 
further increase by five weeks of age, with no change to 7 weeks (Table 
3 .4 ). Like the lead levels in the blood, the levels in the brain of 
the two lead-exposed groups were s ignificantly  d ifferent at a ll ages 
studied (P < 0 .01).
The lead concentrations in the kidneys of the Hooded suckling rats 
exposed to 2.0% lead acetate via maternal m ilk, increased ten-fold  
during the las t two weeks of the suckling period, a fte r which they were 
maintained at a more or less constant level throughout the experiment 
(Table 3 .4 ). The lead concentrations in the rats receiving the d ie t 
containing 2.0% lead acetate were higher than those in the animals fed 
1.0% lead acetate in the d ie t, but the difference was not s ta tis tic a lly  
significant at any of the ages studied.
The changes in the liv e r  lead concentrations with age were sim ilar 
to those observed in the blood. The concentration of lead in the livers  
of the animals receiving the 2.0% lead acetate d iet were s ign ificantly
-  79 -
higher than in those receiving the 1.0% lead acetate d iet at five  (P < 0.01) 
and seven weeks (P < 0.05)of age (Table 3 .4 ).
Fig. 3.9 shows the differences in the blood and tissue lead concentrations 
between the Wistar and Hooded suckling rats exposed to 2.0% lead acetate in 
the d ie t. The data presented in this figure was analysed s ta tis tic a lly  by a 
2-factor analysis of variance (s tra in , age).
The effects of strain and age on the concentration of lead in the blood, 
were both highly significant (P < 0.001). S im ilarly, the strain x age -  
interaction in the blood lead concentration was highly s ignificant (P < 0.001), 
indicating that the changes in the concentration o f lead in the blood with 
age were not parallel for the two strains studied. The Wistar suckling rats 
had significantly higher blood lead concentrations during the f i r s t  five weeks 
of l i f e ,  but at 7 weeks the situation was reversed.
The differences in the brain lead concentrations between the Wistar and 
Hooded suckling rats at various ages were sim ilar, though less marked than 
those observed in the blood (strain ,P  < 0.01; age,P < 0.001; strain x 
age,P < 0.05).
The concentrations o f lead in the kidneys increased sign ificantly  in  
both Wistar and Hooded suckling rats during the f i r s t  three weeks of l i f e  
(^age,P < 0.001). The increase was, however, much greater fo r the Wistar 
rats (stra in  x age,P < 0 .01), resulting in a s ta tis tic a lly  significant 
difference in kidney lead concentration between the Wistar and Hooded rats 
at three weeks of age (P < 0.01, Wilcoxon Rank Test). After 3 weeks the 
concentrations of lead in the kidneys were sim ilar for both strains.
In spite of the observed differences in the blood, brain, and kidney 
lead concentrations between the Wistar and Hooded suckling rats at various
-  80 -
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Fig. 3.9 Blood and tissue lead concentrations in 1, 3, 5 and 7 week-old Wistar
(#) and Hooded (0) rats exposed to lead from b irth , f i r s t  ind irectly  throug 
the mother's m ilk, then d irectly  through the d ie t containing 2.0% lead 
acetate (mean + SD).
(Data from Tables 3.3 and 3.4)
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ages, the concentrations of lead in the livers of these animals were 
sim ilar un til seven weeks of age, when the Hooded rats showed higher 
levels of lead (s tra in ,N .S .; age,P < 0.001; strain x age,P < 0.05).
3.3.4 Cross-fostering experiment
Table 3.5 shows the results of the cross-fostering experiment in 
which the Wistar and Hooded suckling rats were nursed e ither by Wistar 
or by Hooded dams fed control d ie t or d ie t containing 2.0% lead acetate.
The three-week-old Wistar suckling rats exposed to lead via maternal 
milk had considerably higher blood, brain, and kidney lead concentrations 
than the similarly-exposed Hooded suckling rats. This was in agreement 
with the results presented in Tables 3.3 and 3.4 , and in Fig. 3.9.
Wistar suckling rats nursed by Wistar or Hooded dams had sim ilar 
blood, brain, kidney and liv e r  lead concentrations regardless of the 
nursing dam. Likewise, the lead-exposed Hooded suckling rats fostered 
by Hooded or Wistar dams had sim ilar blood, brain, kidney and liv e r  lead 
concentrations at the end of the suckling period, indicating that the strain  
of the nursing dam had no effect whatsoever on the lead concentrations in 
the blood and tissues of the suckling ra t.
Figures 3.10, 3.11 and 3.12 show the individual values of blood, brain,
and kidney lead concentrations in the cross-fostered Wistar and Hooded
suckling rats together with the data from Tables 3.3 and 3.4.
I t  is evident from this presentation that the Wistar suckling rats 
fostered by Hooded dams fed 2.0% lead acetate in the d iet show sim ilar 
ranges of lead concentrations in the blood, brain and kidney as do the 
Wistar suckling rats nursed by Wistar dams on the same d ie t.
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Fig. 3.10 Blood lead levels of three week-old Wistar and Hooded suckling 
rats nursed by Wistar or Hooded dams fed 2% lead acetate in the 
diet throughout the lactation period. Horizontal bars indicate 
the means .
(Data from Tables 3 .3 , 3.4 and 3.5)
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Fig. 3.11. Brain lead levels of three week-old Wistar and Hooded suckling 
rats nursed by Wistar or Hooded dams fed 2% lead acetate in the 
diet throughout the lactation period. Horizontal bars indicate 
the means .
(Data from Tables 3.3 , 3.4 and 3.5)
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Fig. 3.12 Kidney lead levels of three week-old Wistar and Hooded suckling 
rats nursed by Wistar or Hooded dams fed 2% lead acetate in the 
diet throughout the lactation period. Horizontal bars indicate 
the means,.
(Data from Tables 3.3 , 3.4 and 3.5)
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Similar observations can be made of the concentrations of lead in the 
blood and tissues of the Hooded suckling rats nursed either by Hooded or 
Wistar dams fed 2.0% lead acetate in the d iet throughout the lactation  
period. However, the range of lead concentrations was much smaller 
in the Hooded animals, and this resulted in the s ignificantly  lower 
means of the concentrations of lead in the blood, brain, and kidney of 
the lead-exposed Hooded suckling rats at three weeks of age.
3.4 DISCUSSION
Feeding lead acetate in the d iet of lactating rats with l it te rs  
resulted in many-fold increases in the blood and tissue lead concentrations 
of the exposed animals. Only minute amounts of lead could be found in the 
tissues of the animals receiving a d iet with no lead added to i t .
The very low concentrations of lead in the brain, kidney, and
liv e r  of the control animals may represent the detection lim it  for the
analytical method used in these experiments, whereas the blood lead
concentrations obtained for the control animals in the present study m^ y
re fle c t the actual concentration o f lead in the blood. The detection lim it
— i nfor lead in the blood using the method described is approximately 1 x 10“ g 
(Delves, 1970).
The blood lead concentrations in the dams fed various amounts o f lead 
in the d ie t seemed to increase in proportion to the lead level in the d ie t, 
indicating, in agreement with the observations of Blaxter (1950), Garber 
and Wei (1974) and Gerber and Deroo (1975), that the percentage of dietary  
lead absorbed through the gastrointestinal tract is not affected by the 
amount of lead given.
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In view of the increased absorption of lead during lactation
(Kostial and Momcilovie, 1972) i t  is interesting to note that the blood
lead concentrations in the present study were s lig h tly , but consistently 
higher in the dams fed diets containing lead acetate than in the 7-week- 
old rats receiving sim ilar diets.
Probably of more importance are the findings of Kostial e t a l . (1971) 
and Forbes and Reina (1972) that the absorption of lead is increased in  
the young, as compared to the adult ra t. The results presented here 
are in agreement with these observations. The one week-old pups had 
sim ilar blood lead levels to their mothers in spite of the fact that 
maternal milk contained only 1/1000 of the concentration of lead in the 
maternal d ie t. Moreover, when the suckling rats were given the same diets 
as their mothers, th e ir blood lead concentrations were several times 
higher.
Forbes and Reina (1972) reported that the abosrption of lead in the 
young rats starts fa llin g  at weaning and the levels characteristic of 
the adult are reached by 5 weeks of age. In the present experiment the blood
lead concentrations of the suckling rats fed 0.5 or 1,0% lead acetate in  the
d ie t gradually decreased a fte r weaning and by 7 weeks of age have reached 
the levels observed in the dams. The increase in the blood lead concentrations 
of the rats fed the highest lead concentration at 5 weeks was probably due 
to an increase in the amount of lead these suckling rats were exposed to 
rather than a result of increased absorption of lead.
The results presented show clearly that blood lead levels in young 
rats intoxicated by lead are elevated as compared to the sim ilarly exposed 
adult animals, but w ill rapidly decrease as the young rats grow older.
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High blood lead concentrations found in young children intoxicated 
by lead (Chisolm, 1973) are frequently associated with pica and consequent 
increased ingestion of lead. However, one cannot exclude the possibility  
that increased absorption of lead observed in young children (Alexander 
et a l . , 1973; Karhausen, 1973) may have contributed to these findings.
There is some evidence that the appearance of the neurologic symptoms 
of lead intoxication in the suckling rats at doses tolerated without any 
i l l  effects by the adult rats, is due to the increased brain lead con­
centration in the young as compared to the adult animal (Goldstein et a l . ,  
1974), and not to any inherent sensitiv ity  of the nervous system of the 
young to lead. This is supported by the findings of the present study that 
the lead-intoxicated suckling rats, from the age of 3 weeks, had considerably 
higher brain lead concentrations than their dams.
The higher brain lead concentrations in the younger animals may be due 
to the increased blood lead concentrations. The brain lead -  blood lead 
ratio  in the suckling rats of one to five weeks of age was sim ilar to that 
in the dams, indicating sim ilar permeability of the blood-brain-barrier 
to lead. However, alterations in the blood-brain-barrier o f the lead- 
intoxicated suckling rats occur when the brain has accumulated a certain  
threshold of lead (Goldstein £ t  al_., 1974).
The brain lead - blood lead ratio  was, however, considerably increased 
in the lead-intoxicated rats of seven weeks of age, due to a sudden drop 
in the blood lead concentration while the brain lead concentration remained 
constant. This may well explain the d iffic u ltie s  in correlating the blood 
lead concentration with the onset and severity of the symptoms of lead 
intoxication in young children (Chisolm, 1973).
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Surprisingly, the kidney lead concentrations in the present study 
did not correlate well with the concentration of lead in the d iet or
with that in the blood. This was in conflict with the results of Bari trop
and Meek (1975), who found that the kidney lead concentrations in young 
rats correlated well with the amount of lead in the d iet (0 - 1.0%) 
and with the lead in the blood. In th e ir experiments the rats were fed 
the diets containing lead only for 48 hr, whereas in the present experiment 
the diets were fed for several weeks. However, Quarterman £ t  £ [ . ,  (1976)
fed weanling rats diets containing various amounts of lead fo r 3-4 weeks
and found that the relative changes in kidney lead concentration were 
less than in the blood. In view of this i t  is interesting to note that 
among several tissues including the blood, the kidney was the organ with 
the highest concentration of lead per gram of tissue in this stu4y, and 
in that of M illa r  e t al^ . (1970).
The observation by Momcilovic and Kostial (1974) that lead is retained
longer in the body of the suckling ra t than in that o f the adult, together
with the present finding of the very low kidney lead concentration in the 
one week old pups nursed by lead-intoxicated dams, suggests that the 
kidney me^ y not play as important a role in the excretion o f lead in the 
young animal as i t  does in the adult.
With this in mind, i t  is hard to explain the very high kidney lead
concentrations found in some of the lead-intoxicated Wistar suckling rats 
at 3 weeks of age. However, at this age the kidney weights of the lead- 
intoxicated suckling rats were increased. Goyer (1968) found that 
increase in kidney weight in lead-intoxicated rats correlated positively  
with aminoaciduria. He suggested that this was due to a tubular defect 
affecting amino acid excretion and probably also to a transport defect
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for cations and water in the proximal tubules. Disruption of the normal 
excretory function of the kidney may have caused the excessive accumulation 
of lead in the kidneys of the lead-intoxicated suckling rats observed 
in this study (and may account for the reduced growth in pups receiving 
lead). Interestingly, sim ilar tubular effects with increased amino­
aciduria have been observed in children during acute lead intoxication  
(Chisolm and Leahy, 1962).
The reason for the s lig h tly , but consistently higher blood and 
tissue lead levels in the lactating rats of the Hooded strain  fed diets 
containing lead as compared to the lactating Wistar rats on sim ilar 
diets remains at the moment unexplained. A difference in the absorption of 
lead between these strains is a possible explanation.
On the other hand, the higher blood and tissue lead concentrations 
in the lead-intoxicated Wistar suckling rats,as compared to the sim ilarly  
exposed Hooded suckling rats , may well explain the observation that the 
highest lead concentration in the d ie t produced a total hind-limb paralysis 
in about 30% of the Wistar suckling rats but no observable i l l  e ffec t in the 
Hooded suckling rats.
The differences in the blood and tissue lead concentrations between the 
Hooded and Wistar suckling rats were greatest at the time of weaning, and 
disappeared as the animals grew older, suggesting differences in the lead 
content of the maternal milk between these stra in . However, the cross- 
fostering experiment carried out on these animals showed clearly that the 
strain of the nursing dam had no effect on the blood and tissue lead levels 
in the suckling rats.
-  91 -
Another possible explanation for the strain differences observed may 
be in the absorption of lead. I t  has been shown that the absorption of 
lead in suckling rats is about 80% at the time of weaning, and fa lls  rapidly 
thereafter reaching 10-15% by 4 weeks of age (Forbes and Reina, 1972). 
Furthermore, the same investigators suggested that increased absorption 
of lead (and some other metals)by the young was due to the immaturity of 
the gastrointestinal system, less mature intestine being unable to re jec t 
the metal ions in the same way as the more mature intestine does. I t  is 
possible that the gastrointestinal system matures e a rlie r in the Hooded 
ra t, resulting in a fa ll  in the lead absorption at an e a rlie r  age, and 
probably before the solid diets with th e ir higher lead levels are introduced 
to them.
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Chapter 4
REFLEX DEVELOPMENT IN LEAD-INTOXICATED RATS
-  9 3 -
4.1 INTRODUCTION
The results presented in the previous chapter indicated an age- 
related difference in the blood and tissue lead concentrations between 
the lead-intoxicated suckling rats of the albino Wistar and black-and- 
white Hooded strains.
Since the absorption of lead from the intestine of the newborn 
rat is very high in comparison to that of the adult (Kostial et a l .>1971 ; 
Forbes and Reina, 1972) but decreases rapidly a fte r weaning, and reaches 
adult values by 4-5 weeks of age (Forbes and Reina, 1972), i t  was suggested 
that the observed strain difference in the blood lead concentrations 
between Wistar and Hooded rats was caused by a difference in the rate of 
development.
The present chapter describes a study in which an attempt was made 
to determine the rate of development in Wistar and Hooded rats using the 
maturation of various physical characteristics and reflexes as indicators 
of the progress of development.
The effect o f postnatal lead exposure on the maturation o f the 
physical features and reflexes was also studied, since reports in the 
lite ra tu re  have suggested an association between lead and delayed 
maturation of the brain. Hypomyelination and retarded neuronal 
maturation have been reported in suckling rats (Krigman et a l . , 1974a,b) 
and mice (Maker et ^ .,1 9 7 3 ) nursed by mothers fed substantial amounts 
of inorganic lead in the d ie t throughout the lactation period.
The physical features and reflexes studied were partly  those 
described by Fox (1965) and Smart and Dobbing (1968, 1971).
-  94 -
4.2 MATERIALS AND METHODS
4.2 .1 . Animals and diets
Fifteen pregnant rats of the albino Wistar strain (University of 
Surrey SPF derived-MRC stock) and fifte e n  of the black-and-white Hooded 
strain (Chester Beatty Hooded) were received from the breeder a week 
before the birth of the offspring was due. They were housed (2 .2 .1 ) as 
previously described.
4.2 .2 Experimental procedure
Two sim ilar experiments were carried out fo r Wistar and Hooded rats .
In both experiments three groups were used, that is  one of each kind of 
rats was fed the control d ie t, the d ie t containing 0.5% and the d ie t 
containing 2.0% lead acetate. Each group consisted of five  lactating  
dams with a l i t t e r  of six pups (numbers were adjusted a t b irth ).
The experimental diets were started on Day 0, the day on which the 
l i t te r s  were born. The pregnant rats were inspected fo r l i t te r s  twice 
a day, a t 9 a.m. and 4 p.m. thus giving a v a ria b ility  of 0-17 hrs in 
actual age.
The food intake and weight gain of the dams and the growth of the 
l i t te r s  were recorded weekly. At one, two and three weeks of age two 
pups from each l i t t e r  were k ille d . Blood, brain, kidney and liv e r  
were collected as previously described in 3 .2 .2 . The blood samples from 
one and two week-old animals were collected into heparinized vials a fte r  
decapitation and from three week-old animals by cardiac puncture.
The blood samples were stored at +4°C until analysed for lead (3 .2 .3 ) 
The tissue samples were stored at -15°C until used for the determination 
of lead (3 .2 .3 ).
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4 .2 .3 . Procedure for the observation of the physical features and 
testing the reflexes.
The observation of the physical features and testing of the reflexes 
were performed once a day between 9 and 10 a.m. from Day 1 to Day 21,Two pups 
from each l i t t e r  were used in these tests, and the progress of the same 
individuals from each l i t t e r  was followed throughout the experiment.
Ages at which the maturation of the physical features and reflexes was 
observed were recorded, and mean ages of maturation of the physical features 
and reflexes were calculated for each group.
The appearance of the following physical features was observed:- 
Ear unfolding: Unfolding of the external pinnae of both ears. '
Hair appearance.
Incisor eruption: Eruption of the lower incisors. This was 1-2 days 
la te r than that of the upper, but easier to observe.
Eye opening: Eyes were regarded as open when any v is ib le  break in the 
membrane covering the eye appeared.
The following reflexes were tested:- 
Righting fro m  back: The ra t was placed on its  back on a f la t  surface, and 
the age determined at which the animal immediately turned over with a ll 
four feet on the ground.
Negative geotaxis: The ra t was placed head downwards on a slope of 20°, 
and the age noted when the animal turned to face up the slope (a t least 
135°l.
C lif f  avoidance: The ra t was placed on the edge of the bench with nose 
and forefeet ju s t over the edge, and the age noted at which the animal 
withdrew the head and both forefeet from the edge.
palmar grasp: This reflex is one which disappears with age. The forefoot
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of the ra t was stroked with blunt forceps, and the age noted when the grasp 
was d if f ic u lt  to e l ic i t  and only s ligh tly  or no flexion was observed.
Placing reflex: The dorsum of the foot was placed against the edge of an 
object (ru le r, edge of bench) while holding the animal so that none of 
the base of the foot was in contact with a solid surface. When the reflex  
had developed the animal raised its  foot on the surface of the object. 
Vibrissae placing:The ra t was held by the ta i l  and lowered toward a solid  
object ( i .e .  the end of the bench) so that the vibrissae ju s t touched i t .
The age was noted at which the animal lif te d  its  head and extended its  
forelegs in the direction of the object.
Visual placing: The ra t was held by the ta il  with the head facing the edge 
of the bench (s ligh tly  further from the bench than in  the vibrissae placing) 
The fu lly  matured response was as in the vibrissae placing.
Free-fa ll righting: The ra t was dropped, back downwards from about 35 cm
on to wood shavings. When the reflex had fullyideveloped the animal turned 
in m id-air and landed on a ll four fe e t. Animals were tested for this 
reflex from 10 days old.
4.3 RESULTS
The food intakes and body weights o f the Wistar and Hooded dams are 
shown in Table 4.1 and 4.2 respectively. In agreement with the results 
presented in Chapter 2 (Tables 2.2 & 2 ,3 )the food intakes of the Wistar dams 
decreased with increasing levels of lead acetate in the d ie t during the 
f i r s t  week of lactation, whereas the Hooded dams fed 0.5 and 2.0% lead 
acetate in the d iet consumed equal amounts of food, however the amounts 
were s ligh tly  less than those consumed by the control Hooded dams.
During the second and third week of lactation the food intakes of 
the dams receiving diets containing lead acetate were sim ilar to those
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Table 4.1 The effec t of feeding diets containing various 
concentrations of lead acetate to lactating Wistar 
and Hooded rats on the food intake during the 
period of lactation . (Values are means+ SD).
Diet Number of 
animals
Food intake (g /animal/week)
1. week 2. week 3. week
Wistar Control 5 199 + 22* 'b 264 + 20 174 + 21
0.5% lead acetate 5 116 + 44b'C , 266 + 18 -1166 + 9
2.0% lead acetate 5 7 4 + 178.2 >252 + 54 [l71 + 2 2
Hooded Control 5 156 + 13b 202 + 10 157 + 15
0.5% lead acetate 5 (133 + 12  ^ . 202 + 12 154 + 15
2.0% lead acetate 5 1.133 + 9 lies + 24 Ll66 + 11
Significantly d ifferen t values are indicated by pairs of le tte rs , 
level of significance a = P < 0.001, b = P < 0.01, c = P < 0.05. 
Values not s ignificantly  d ifferent(P  > 0.05) are connected with lines.
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Table 4.2 The effect of feeding diets containing various
concentrations of lead acetate to lactating Wistar 
and Hooded rats on the body weights during the 
period of lactation. (Values are means + SD).
Diet
Number of 
animals
Day 01 )
Body weight (g) 
Day 7 Day 14 Day 21
Wistar Control 5 '233+21 ^251+20‘> 1^ 265+20*’ '257+19
0.5% lead acetate 5 237+18 / [235+31 ,259+20'  ^ ■256+16
2.0% lead acetate 5 ,249+20 \ 205+13'^ 227+ 8*^ ’ ^ .243+ 9
Hooded Control 5 187+23 '189+21 '209+20 199+20
0.5% lead acetate 5 186+22 185+22 • 196+22 190+19
2.0% lead acetate 5 ,195+25 ,196+31 .200+31 .201+27
^) The day on which the l i t te r s  were born.
S ignificantly d ifferent values are indicated by pairs of le tte rs , 
level of significance b = P < 0.01, c = P < 0.05.
Values not significantly d ifferen t (P >0.05) are connected with lines.
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of the control dams in both strains. However, in contrast to the previous 
findings, the dams of a ll groups consumed less food during the th ird  week 
of lactation than during the second week. This was probably due to the 
difference in the experimental design for in this experiment each dam 
nursed only two pups during the las t week of the lactation period, whereas 
in the previous experiments the number of pups per dam was six throughout 
the lactation period.
The reduction in the body weights of the Wistar dams fed 2.0% lead 
acetate on Days 7 and 14 of lactation was probably a consequence of the 
decreased food intake observed on these dams during the f i r s t  week of 
lactation . The body weights at the end of the lactation period were 
sim ilar in a ll groups studied (Table 4 .2 ).
The body weights of the Hooded dams fed diets containing lead acetate 
were sim ilar to those of the control animals throughout the lactation  
period (Table 4 .2 }.
Figure 4.1 shows the growth of the Wistar pups nourished by mothers 
fed the control d iet and the diets containing 0.5 and 2 .0% lead acetate 
throughout the lactation period. The growth of the lead-intoxicated Wistar 
pups was clearly retarded, and the differences in the body weights between 
the lead-exposed suckling rats and the control animals were s ignificant 
from 1 week o f age onwards [see Table 4 .3 ).
The growth of the Hooded pups was less affected by feeding lead 
acetate in the d iet of the mother [Figure 4 .2 ) ,but the differences in 
the body weights between the lead-exposed and control pups were s ta t is t ic a lly  
significant from 2 weeks onwards [Table 4 .4 ).
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Figure 4.1 Growth of Wistar suckling rats nourished by mothers fed
control d ie t and diets containing 0.5 or 2.0% lead acetate 
(mean + SD pf 5 l i t te rs  per group).
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Figure 4.2 Growth of Hooded suckling rats nourished by mothers fed
control d iet and diets containing 0.5 or 2 .0% lead acetate 
(mean + SD of 5 li t te rs  per group).
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Table 4.3 shows the body and organ weights of Wistar pups at one, 
two, and three weeks of age. The brain weights of the pups nursed by the 
dams fed 2.0% lead acetate in the d ie t were significantly  lower than 
those of the control animals throughout the suckling period, whereas the 
brain weights of the suckling rats from 0.5% lead acetate group were 
significantly  lower only at 3 weeks.
The kidney weights of the lead-exposed Wistar pups were s ligh tly  
lower during the f i r s t  two weeks of the suckling period. However, at 
3 weeks the kidneys of the suckling rats nursed by dams fed 0.5% lead acetate 
in the d ie t were significantly  heavier than those of the control animals.
The kidney weights of the pups nursed by dams fed 2.0% lead acetate were 
sim ilar to those of the control animals in spite of the fact that th e ir  
body weights were 35% lower than those of the controls.
The liv e r  weights in the Wistar pups nourished by mothers fed lead 
in the d ie t were s ignificantly  lower than those of the controls at a ll 
ages studied.
The body and organ weights in Hooded pups at one, two and three 
weeks of age are shown in Table 4 .4 . The brain weights were less in the 
lead-intoxicated animals and the differences were s ta tis tic a lly  s ign ificant 
from 2 weeks onwards.
The kidney weights in the Hooded pups nursed by dams fed 0.5% lead 
acetate in the d ie t were sim ilar to those of the control animals during 
the f i r s t  two weeks of l i f e ,  but s ign ifican tly  heavier at three weeks 
of age. S im ilarly, the kidneys of the rats from the 2.0% lead acetate 
group were heavier than those of the control animals at the end of the 
suckling period.
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Table 4.3 The effec t of feeding diets containing various 
concentrations of lead acetate to lactating  
Wistar rats on the body and organ weights in the one 
two and three week-old pups. (Values are means + SD).
tweeks) Diet
Body
weight
,Cg)
Organ weight [g) 
Brain Kidney Liver
1 Control TO. 71+0.05'’ 0.22+0.03®»® 0.53+0.06®»*’— . L
0.5% lead acetate 15+zf'b 10.69+0.04C 0.19+0.04®»*’ 0.43+0.09°
2.0% lead acetate 0.64+0.06^'C 0.14+0.02®»*’ 0.30+0.04®
2 Control 39+2®’D f l .  29+0.05® 1[0.41+0.03® 1.22+0.07®»®
0.5% lead acetate 33+5^ 11.25+0.06 1,0.39+0.07 1.05+0.21®
2.0% lead acetate 23+4® 1.14+0.09® 0.28+0.05® 0.68+0.14®
3 Control 60+5® 1.56+0.06®»*’ 0.63+0.06® 2.34+0.29®»®
0.5% lead acetate 49+3® 1.48+0.05*’ »'’ 0.77+0.09® 2.06+0.30®
2.0% lead acetate 37+4® 1.40+0.06®»® 0.61+0.10 1.68+0.24®
Each value is mean + SD of 10 animals
Significantly d ifferen t values are indicated by pairs of le tte rs , 
level of significance a = P < 0.001, b = P < 0.01, c = P < 0.05.
Values not s ign ificantly  d ifferen t (P > 0.05) are connected with lines.
Individual data in Appendix, Tables 2, 10 and 11,
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Table 4..4. The effect o f feeding diets containing various 
concentrations of lead acetate to lactating  
Hooded rats on the body and organ weights in the one, 
two and three -week-old pups. (Values are means + SD).
Age _. . 
(weeks) Diet
Body
weight
(9) Brain
Organ weight (g) 
Ki dney Liver
1 Control p4+2 '0.66+0.05 0.20+0.03 0.46+0.05*’ *®
0.5% lead acetate ' 13+1 0.62+0.04 0.19+0.02 fO.40+0.04®
2.0% lead acetate ,13+1 ^0.65+0.05 ,0.21+0.02 l o . 39+0.05*’
Control r30+2
0.5% lead acetate (128+2 
2.0% 1 ead acetate 1 26+3^
Control 46+4® 
b0.5% lead acetate (39+4 
2.0% lead acetate i36+3^
f -f l l . I l+U. 
[  1.08+0.
15+0.06'
11 0 04
04'
1.35+0.05'- 
f l . 30+0.07® 
t l .29+0.04
C :
40+0.03'
39+0.03'
0.36+0.04
0.56+0.04'
b,c
:0.63+0.05' 
lO. 59+0.05
1 .00+0 .10'
fO.88+0.
\0.85+0.
05
09
2.07+0.25
1.76+0.16*
1.50+0.11'
a,b
Each value is mean + SD of 10 animals.
S ignificantly d ifferen t values are indicated by pairs of le tte rs , 
level o f significance a = P < 0.001, b = P < 0.01, c = P < 0.05.
Values not significantly  d ifferen t (P >0 .05 ) are connected with lin es .
Individual data in Appendix, Tables 6, 12 and 13.
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The liv e r  weights of the lead-intoxicated Hooded pups were 
significantly  lower than those of the control animals throughout the 
suckling period.
Table 4.5 shows the blood and tissue lead concentrations in the 
Wistar pups during the period of the observation of the physical 
features and testing of the reflexes.
The blood lead concentrations in the Wistar pups during the f i r s t  
two weeks of l i f e  correlated well with the amount of lead to which the 
animals were exposed. The lead concentration in mothers milk obtained 
from the stomach content of the sacrificed pups were fo r the 0.5 and 2.0% 
lead acetate groups respectively, at one week 2.69 2  0.85 and 10.87 + 5.52, 
and a t two weeks, 4.28 + 1.36 and 14.66 +^6.40yg/g(mean + SD o f 5 samples).
The s im ila rity  of the blood lead concentrations a t 2 weeks with those 
at 1 week in spite o f the apparent increase in the lead concentration of 
the maternal m ilk, might indicate that the absorption of lead decreased 
with age.
On the other hand, the considerable increase in  the blood lead 
concentrations at 3 weeks was probably due to the increased exposure to 
lead. The suckling rats s tart weaning themselves from about 16 days 
onwards by supplementing the mother's milk with the d ie t fed to the 
mother. In the present experiment the mothers' diets contained approximately 
1000 times as much lead as the maternal m ilk.
The brain lead concentrations in the lead-exposed Wistar pups were 
also sim ilar during the f i r s t  two weeks of the suckling period. However, 
the difference in the concentrations of lead in the brain between the 
0.5 and 2.0% lead acetate groups was smaller than that in the blood.
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Table 4.5 The effec t of feeding diets containing various
concentrations of lead acetate to lactating Wistar rats 
on the blood and tissue lead concentrations in the one 
two and three week-old pups. (Values are means SO).
Age
(weeks) Diet
Blood^)
(yg/lOOml)
Lead concentration
Brain^) Kidney^^ 
(vig/9) (ug/g)
Liver^)
(vg/g)
1 Control 7+2 0.15+0.05 0.17+0.07 0.18+0.06
0.5% lead acetate 70+33® 0.36+0.09® 1.70+0.25® 2.60+0.51®
2.0% lead acetate 177+45® 0.60+0.12® 3.33+1.20® 5.36+0.80®
2 Control 8+1 0.05+0.02 0.10+0.03 0.05+0.01
0,5% lead acetate 52+17® 0.25+0.07® 2.80+0.61® 2.31+0.64®
2.0% lead acetate 196+51® 0.60+0.18® 4.89+0.68® 5.79+1 .32®
3 Control 10+3 0.05+0.02 0.19+0.07 0.06+0.05
0.5% lead acetate 539+190** 0.99+0.24® 33.5+20.9® 11.75+6.32®
2.0% lead acetate 714+92** 1.74+0.33® 82.3+27.8® 18.77+3.11®
^) whole blood wet weight.
Each value is mean + SD of 10 animals
Significantly d ifferent values are indicated by pairs of le tte rs ,  
level of significance a = P < 0.01, b = P < 0.05 (Wilcoxon Rank Test).
Individual data in Appendix, Tables 2, 10 and 11.
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There was a considerable increase in the concentrations of lead in the 
brain during the third week of the suckling period in both lead-intoxicated 
groups. This was probably due to the increase in the lead concentrations 
in the blood at the same time.
The lead concentrations in the kidney of the lead-intoxicated Wistar 
pups rose consistently throughout the suckling period, indicating that 
the kidney's role in excretion of lead increases with age. However, the 
pronounced increase in lead levels of the kidney at 3 weeks was probably 
due to the increase in the blood lead levels.
As in the blood, brain and kidneys, the lead concentrations in the 
livers of the lead-intoxicated Wistar suckling rats were sim ilar atone and 
tv/o weeks,and increased many-fold during the las t week of the suckling 
period.
The blood and tissue lead concentrations in the lead-intoxicated  
Hooded pups at one, two and tbree weeks of age are shown in Table 4 .6 .
There was a striking s im ilarity  in the lead values for the 0.5 and 2.0% 
lead acetate groups suggesting that the absorption of lead in the Hooded 
ra t is dependent on the dose. This, however, is in co n flic t with the 
previous findings (Table 3 .4 ), and needs further investigation.
The blood and brain lead concentrations in the Hooded pups exposed 
to 0.5% lead acetate via maternal milk were sim ilar to those in the Wistar 
animals a t one and two weeks of age, whereas the respective kidney 
and liv e r  lead concentrations were s ligh tly  higher in the Hooded rats .
The blood and tissue lead concentrations in the Hooded pups nursed 
by dams fed 2.0% lead acetate in the d iet were consistently lower than
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Table 4.6 The e ffec t of feeding diets containing various 
concentrations of lead acetate to lactating Hooded 
rats on the blood and tissue lead concentrations in one, 
two and three week-old pups. (Values are means + SD).
Age
(weeks)
Diet
Blood )^ Brain^)
(pg/lOOml) (pg/g)
Lead concentration 
Kidney^ )
(pg/g)
Liver^ )
(wg/g)
0.5% lead acetate 62+8 
2.0% lead acetate 72+9*
0.5% lead acetate f77+20 
2,0% lead acetate (83+16
0.5% lead acetate 129+59 
2.0% lead acetate 211+79*
0.24+0.05 2.04+0.29® f3 .97+1.67
0.25+0.06 2.64+0.51® 14.56+1.08
0.47+0.08 4.53+0.94*’ 3.97+0.71
0.51+0.06 5.45+1.01** 5.13+0.82
1.38+0.26 '18.5+4.2 5.47+1.79
1.59+0.32 .25.5+9.3 8.49+2.97
fO 7+1
1 +1
fl.38+C 
1 +C
^) whole blood wet weight
Each value is mean + SD of 10 animals
Significantly d ifferen t values are indicated by pairs of le tte rs , 
level of significance a= P < 0.01, b = P < 0.05 (Wilcoxon Rank Test) 
Values not s ignificantly  d ifferen t (P > 0.05) are connected with lines
Individual data in Appendix, Tables 6, 12 and 13.
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those in the sim ilarly exposed Wistar animals during the f i r s t  two weeks 
of the suckling period.
With the exception of the brain, the blood and tissue lead concentrations 
in the lead-exposed Hooded pups at 3 weeks were considerably lower than 
those in the lead-exposed Wistar animals.
Table 4.7 shows the significance of differences in blood and tissue 
lead concentrations between the lead-intoxicated Wistar and Hooded pups 
at various ages, analysed by three-factor (s tra in , age, dose) analysis 
of variance.
Except for the effect of strain on the brain lead concentration, the 
main effects -  stra in , age, dose -  were highly s ign ifican t. The 
two strains showed sim ilar lead concentrations in the brain.
The significant strain x age-interaction indicates that the changes 
in the blood and tissue lead concentrations with age were d ifferen t in the 
two strains,with the rise in the lead concentration at 3 weeks being 
considerably greater in the Wistar than in the Hooded animals.
S im ilarly, the highly significant strain x dose-interactions show 
that the two strains did not respond sim ilarly  to the increase in the 
amount of lead to which they were exposed. There was a clear difference in  
the blood and tissue lead concentrations of the Wistar pups between the 
two lead doses, whereas the Hooded rats had sim ilar blood and tissue lead 
concentrations regardless of the dose.
The highly significant age x dose-interaction for the brain, kidney, 
and liv e r  lead concentrations reflected the re la tive ly  greater increase 
of the tissue lead concentrations in the 0.5% lead acetate group compared
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Table 4.7 The significance of differences in blood, brain, kidney 
and liv e r  lead concentrations between the Wistar and 
Hooded pups of 1, 2 and 3 weeks of age, nourished by 
mothers fed diets containing 0,5 or 2.0% lead acetate 
throughout the lactation period (analysed by 3-factor 
analysis of variance).
Source of 
variation Blood
Significance of difference^^P) 
Brain Kidney Liver
Strain 0.001 N.S. 0.001 0.001
Age 0.001 0.001 0.001 0.001
Dose 0.001 0.001 0.001 0.001
Strain x Age 0.001 0.001 0.001 0.001
Strain x Dose 0.001 0.001 0.001 0.01
Age X Dose N.S. 0.001 0.001 0.01
Strain x Age x Dose N.S. N.S. 0.001 N.S.
^^Significance of variance ra tio .
N.S.= not significant a t 5% level
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with the 2.0% lead acetate group during the las t week of the suckling 
period.
Table 4.8 shows the mean ages at maturation of the physical features 
and reflexes in the Wistar pups. In spite of the retarded growth, the 
lead-exposed pups showed no delay in the development of the physical features 
as compared to the control animals. From the 4 physical features recorded 
only eye opening occurred la te r in the pups exposed to lead via maternal 
milk.
Most of the reflexes tested matured s ligh tly  la te r  in the lead-intoxicated 
pups as compared to the control pups. The differences were, however, not 
s ta tis tic a lly  significant except for fre e -fa ll righting.
The effect o f postnatal lead exposure on the maturation of the physical 
features and reflexes was less in the Hooded, than in the Wistar rats. There 
were no differences in the development of the physical features between the 
lead-exposed and control Hooded pups (Table 4 .9 ). S im ilarly , a ll the
reflexes studied, except for visual placing, seemed to mature at the same
age in the lead-exposed and control animals.
In view of th is i t  is interesting to note that the growth of the lead- 
intoxicated Wistar suckling rats was more retarded than the growth o f the 
lead-intoxicated Hooded rats as compared with the appropriate control 
animals.
Table 4.10 shows the significance of differences in age at maturation 
of the physical features and reflexes between the Wistar and Hooded pups 
exposed to lead from birth  via maternal milk. The physical features and 
reflexes studied matured s lig h tly , but consistently e a rlie r  in the Hooded
pups in a ll three experimental groups. This strain difference was
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Table 4.8 The effec t of feeding diets containing various
concentrations of lead acetate to lactating Wistar 
rats on the ages of maturation of physical features 
and reflexes in the pups. (Values are means + SD).
Control
Age at maturation (days)
0.5% lead acetate 2.0% lead acetate
physical features
Ear unfolding 2.4+0.5 2.7+0.5 2.5+0.7
Hair appearance 4.6+0.5 4.7+0.5 4.4+0.7
Incisor eruption 10.9+0.7 10.8+0.8 10.9+0.6
Eye opening 13.9+0.9 14.5+0.8 14.7+0.7
Reflexes
Righting 1.9+1.0 1.5+0.7 2.0+0.9
Negative geotaxis 5.7+0.7 6.5+1.0 6.7+0.7
C l i f f  avoidance 6.9+0.7 7.1+1.1 7.2+0.9
Palmar grasp 7.7+0.7 8.5+0.8 8.1+0.7
Placing reflex 11.5+0.7 11.6+0.7 12.044.8
Vibrissae placing 11.3+0.7 11.5+0.5 11.8+1.0
Visual placing 16.7+0.7 17.0+4.5 17.1+0.6
Free-fa ll righting 16.4+0.7 r 17.0+0.7 17.8+0.6
Each value is the mean age (+ SD) of 10 pups. 
Individual data in Appendix, Table 14.
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Table 4.9 The effect of feeding diets containing various 
concentrations of lead acetate to lactating Hooded 
rats on the ages at maturation of physical features 
and reflexes in the pups. (Values are means + SD).
Control
Age at maturation (days)
0.5% lead acetate 2.0% lead acetate
Physical features
Ear unfolding 1.7+0.5 1.9+0.3 1 .8+0.8
Hair appearance 4.0+0.0 4.0+0.0 4.0+0.0
Incisor eruption 9.8+0.6 10.2+0.6 9.9+0.7
Eye opening 11.9+0.6 12.2+0.4 12.3j0 .7
Réf1 exes
Righting 1 .6+0.8 1.3+0.5 1.3+0.7
Negative geotaxis 5.3+0.8 5.1+1.0 5.3+0.5
C li f f  avoidance 5.9+1.0 5.9+0.7 6.5+1.0
Palmar grasp 5.3+0.5 5.7+0.5 5.6+0.5
Placing reflex 10.4+0.7 10.5+0.7 10.7+0.5
Vibrissae placing 10.6+0.5 10.6+0.5 10.8+0.4
Visual placing 15.0+0.5 15.2+0.4 15.7+0.5
Free-fa ll righting 15.7+0.8 16.0+0.4 15.9+0.7
Each value is the mean age (+ SD) of 10 pups 
Individual data in Appendix, Table 15.
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Table 4.10 Hie significance of differences in age of maturation 
of physical features and reflexes between Wistar and 
Hooded pups nourished by mothers fed normal d iet and 
diets containing 0.5 or 2.0% lead acetate throughout 
the lactation period (analysed by 2-factor analysis 
of variance).
Measurement Signi f i  cance of ; difference^  ^ (P) 
Strain Dose Strain x Dose
physical features 
Ear unfolding 0.001 N.S. N.S.
Hair appearance 0.001 N.S. N.S.
Incisor eruption N.S. N.S. N.S.
Eye opening 0.001 0.05 N.S.
Reflexes
Righting N.S. N.S. N.S.
Negative geotaxis 0.001 N.S. N.S.
C l i f f  avoidance 0.001 N.S. • N.S.
Palmar grasp 0.05 N.S. N.S.
placing reflex 0.001 N.S. N.S.
Vibrissae placing 0.001 N,S. N.S.
Visual placing 0.001 0.05 N.S.
Free-fa ll righting 0.001 0.01 0.05
^) significance of variance ra tio .
N.S. = not significant at 5% leve l.
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s ta tis tic a lly  significant for a ll indices of development except incisor 
eruption and righting reflex.
As already noticed, the lead exposure in the present experiment had 
hardly any effec t on the maturation of the physical features and reflexes. 
Only opening of eyes, visual placing and fre e -fa ll righting were 
significantly  retarded in the lead-intoxicated pups. In fa c t, fre e -fa ll 
righting was retarded only in the lead-exposed Wistar pups and not in 
the lead-exposed Hooded pups indicating possibly an association between 
growth retardation and delayed maturation of reflexes.
4.4 DISCUSSION
In the present study the appearance of physical features and the 
maturation o f various reflexes were used as indicators of the progress 
of the development in young ra t. The results show clearly that the rate  
of development was s ignificantly  d ifferen t in the two strains of rats 
used in the experiments. Most of the physical features and reflexes 
studied matured 1-2 days e a rlie r  in the black-and-white Hooded rats than 
those of the albino Wistar stra in . S im ilar, but not s ta tis tic a lly  
significant differences in maturation of a number of reflexes have been 
found in mice (Fox, 1965).
The d ifferen t rate of development of the Wistar and Hooded rats 
may account for the highly significant differences in the blood and tissue 
lead concentrations in these animals at 3 weeks of age. At present, i t  
can only be postulated that the higher blood and tissue lead concentrations 
in the 3 week-old Wistar rats are caused by higher absorption of lead 
through the gastrointestinal system. On the other hand, i t  is possible 
that the excretion of lead through the kidneys is less effective in the 
Wistar suckling rat.
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Many investigators have shown that the young ra t absorbs more lead 
through the gastrointestinal trac t than the adult ra t (Kostial e t al 
1971; Forbes and Reina, 1972; Gerber and Deroo, 1975). Furthermore,
Forbes and Reina (1972) showed that lead absorption in the ra t is  
consistently high (70-90%) throughout the suckling period and fa lls  
rapidly a t weaning (3 weeks of age) reaching 10-15% by 4-5 weeks of age.
I t  is possible that the faster rate of development observed in the 
present experiment in the Hooded rat may have resulted in a fa l l  of the 
percentage of lead absorped, before the suckling rats started to supplement 
the mother's milk with the d iet fed to the mother, whereas the absorption 
of lead remained high in the Wistar ra t un til weaning, resulting in  high 
blood and tissue lead concentrations due to the ingestion of solid food 
with a high lead concentration.
The slight increase in the kidney lead concentrations in both Wistar
and Hooded suckling rats during the suckling period indicates that the
excretion of lead through the kidney is age dependent. This is in
agreement with the observation of Momcilovie and Kostial (1974) that a fte r
2 0 3a single intraperitoneal in jection of Pb more lead was found in the 
adult kidney than in the kidneys of 15-day-old suckling rats.
In the present study, the Hooded suckling rats seemed to have s lig h tly  
higher kidney lead-blood lead ratios throughout the suckling period. This 
may indicate that the excretion of lead by the kidneys was more effective  
in the Hooded ra t than in the Wistar ra t of the same age.
However, further studies, particu larly  on the absorption and excretion 
of lead in the Wistar and Hooded rat at various a§es, are needed before 
the mechanism involved in these observed strain  differences can be fu lly  
understood.
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The s light delay in the opening o f eyes and the maturation of visual 
placing and fre e -fa ll righting reflexes in the suckling Wistar and 
Hooded rats exposed to lead via maternal milk may have been caused 
by a direct toxic e ffec t o f lead on the nervous system. Reiter e t al. 
(1975) reported that rats continuously exposed from conception to low 
levels of lead (5 or 50 ppm lead in drinking water) showed a delay in 
opening of eyes and fre e -fa ll righting reflex.
However, Michael son and Sauerhoff(1974) found that the appearance 
of body ha ir, opening of eyes, locomotion and the a b ility  to eat solid  
food developed at the same age in both the lead exposed and pair-fed  
pups, but these signs of development were delayed up to 2 days when 
compared to normal pups. In fact under-nutrition during the suckling 
period is known to cause delayed development, especially of those reflexes 
which mature la te r  in the suckling period (Smart and Dobbing, 1971).
I t  seems conceivable that the s ligh t delay in the maturation of the 
physical features and reflexes observed in the present study in the lead- 
exposed pups was actually due to under-nutrition rather than a d irect 
toxic e ffec t of lead.
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Chapter 5
EFFECTS OF LONG-TERM LEAD INGESTION ON THE SOCIAL 
BEHAVIOUR OF MALE RATS
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5.1 INTRODUCTION
I t  is well known that severe lead intoxication in children, 
especially lead encephalopathy, may have permanent neurological 
sequelae featuring neurological d e fic it ,  recurrent seizures and 
mental retardation (Byers and Lord, 1943; Chisolm, 1965; Perlstein  
and A tta la, 1966).
However, there is much controversy about the role of lead in 
the causation of impaired nervous system function in the absence of 
lead encephalopathy.
Raised blood lead levels have been found in mentally retarded 
children by many investigators (Moncrieff e t 1964; Gibson et al#,
1967; Gordon et 1967). These studies did not, however, answer 
the question, whether mental deficiency was due to lead or whether 
the raised blood lead levels were due to pica in mentally retarded 
children.
In this respect i t  is interesting to note that children exposed 
to increased lead concentration in drinking water during the f i r s t  year 
of l i f e  showed a higher frequency of mental retardation (Beattie e t £L,
1975).
Studies of children with asymptomatic lead exposure using standard 
psychometric and neurophysiological techniques have yielded conflicting  
results. Some reports suggest that there is a s ta tis tic a lly  s ign ificant 
association between increased lead absorption and subtle, but long 
lasting impairment of behaviour (de la Burde and Choate, 1972; David 
et a l, 1972; Pueschel et a l, 1972; Landrigan et a i . , 1975), w hilst this
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was not found in other studies (Kotok, 1972; Lansdown £ t  1974).
The f i r s t  experiments in laboratory animals on the behavioural 
effects of lead intoxication fa iled  to find evidence of impaired learning 
sim ilar to that found in young children suffering from severe lead in ­
toxication. Toxic quantities of inorganic lead injected into male rats , 
ranging in age from 8 days to 5 weeks, produced no significant effect 
on learning and memory as measured in a T-maze or shuttle box (Brown et al., 
1971).
Studies on tetraethyllead gave conflicting results: no e ffect on 
learning and memory in young female rats (Bullock £ t ^ ,  1966), but 
in fe rio r performance of tasks and learning in male rats (Avery ^  a l,  1974) 
were reported.
However, more dramatic effects were found when the animals were 
exposed to lead during both the prenatal and suckling periods. Increased 
a c tiv ity , more frequent fighting and de fic its  in maze performance have 
been reported in the offspring of female rodents exposed to lead acetate 
or lead carbonate during the lactation period (Sauerhoff and Michael son, 
1973; Snowdon, 1973; Michaelson and Sauerhoff, 1974; Silbergeld and 
Goldberg, 1974). S im ilarly, lambs exposed prenatally to lead demonstrated 
defic its  in acquisition of visual discrimination tasks (Carson et al., 1974).
Furthermore, poor learning performance has been reported in adolescent 
rats that had received lead by oral intubation or via maternal milk during 
the f i r s t  three weeks of l i f e  (Sobotka and Cook, 1974; Brown, 1975), thus 
suggesting permanent sequelae due to asymptomatic lead exposure during the 
early period of l i f e .
-  121 -
The existing lite ra tu re  on the effects of lead exposure on behaviour 
shows that the effects on the nervous system are quite diverse. The 
age of exposure seems to be an important factor with animals exposed 
to lead before weaning showing the most dramatic effects. However, the 
evidence for the absence of effects on higher functions of the nervous 
system in adult animals is mostly derived from studies on the effects of 
short-term exposure. With much longer periods of exposure in adults 
lead progressively accumulates in the brain and may produce chronic 
neurological disorders.
The purpose of the present experiment was to investigate the possible 
behavioural effects of a long-term exposure to lead in the adult ra t.
The animals were continuously exposed to lead (0.5% lead acetate in the 
diet) from b irth , f i r s t  via maternal m ilk, then d irectly  through the d ie t.
The behavioural testing consisted of observation of various aspects 
of the social behaviour of the adult male ra t. After isolating the 
animals for a few days, the experimental animal was introduced to a 
weight matched partner, the introduction releases th e ir social behaviour 
which is observed for a short period of time. The effect of lead exposure 
is revealed by comparing the behaviour of the lead-exposed animals to 
that of the control animals on introduction of the partners.
Some forty to f i f t y  d is tinct acts or postures have been recognised 
in the behaviour of the male laboratory ra t in social situations. These 
can be classified according to the tendency which is predominant into 
s ta tis tic a lly  d istinct sequences called categories (Grant, 1963; Grant 
and Mackintosh, 1963).
I t  seemed worth testing to find i f  the occurrence of these categories 
is altered by chronic exposure to lead.
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5.2 MATERIALS AND METHODS
5.2.1 Animals and diets
Pregnant rats of the albino Wistar strain (University of Surrey SPF
derived MRC stock.) were received from the breeder a week before the
birth  of the offspring was due.
They were housed singly in plastic cages with wire mesh lids  
containing s te rilize d  wood shavings as bedding. The environmental 
conditions in the animal room were; temperature 24°C, humidity 50-60%, 
lighting 12-hour light-dark cycle.
The animals of the control group were fed powdered d iet (Powdered 
Diet for Rodents, Spratt's Laboratory Services) containing Fowler's 
Treacle (50g/kg), the animals of the lead group were fed powdered d ie t 
containing Treacle (50g/kg) and lead acetate (0.5%). The diets and 
tap water were provided ad lib itum .
5 .2 .2 . Experimental procedure
The experimental diets were fed to the mother rats starting from 
the day on which the l it te rs  were born (Day 0 ). The food intake and 
weight gain of the 1 actating rats were monitored weekly (the results 
are given in Chapter 2 ).
The l it te rs  were weighed and sexed at b irth , and the number o f pups 
per dam was adjusted to eight (Experiment 1) or six (Experiment 2 ). All 
male pups were retained i f  possible.
The l it te rs  were weaned at 21 days, the sexes were separated and 
they were caged in littermates of 3-5 animals in community cages.
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After weaning the l i t te r s  were fed the same diets as given to the ir  
mothers, the food intakes were monitored and weekly food intakes per 
animal were calculated for both groups. Body weights were also measured 
weekly and the growth was calculated as increase in the mean body weight 
with age.
At 3, 6 and 12 months of age the rats used for the behavioural 
testing were k ille d . The animals were anaesthetized with ether and blood 
samples collected by cardiac puncture. The kidneys and liv e r  were quickly 
excised and excess blood removed by blotting the tissues on a f i l t e r  paper. 
The brain was excised and dissected into forebrain, cerebellum and the 
rest (called the brain stem).
Blood samples were stored in small, acid-washed glass vials at +4^C 
until analysed for lead (the method is described in 3 .2 .3 ) . The tissues 
were stored wrapped into preweighed and labelled squares o f aluminium 
fo il a t -15^C until analysed.
5.2.3 Behavioural testing
Only male rats were used in the behavioural testing. The rats from 
Experiment 1 were tested at 3 and 6 months of age. A total of f i f t y - f iv e  
animals were used in Experiment 1; eighteen lead-exposed rats derived 
from five  l i t te r s ,  and thirty-seven controls derived from seven l i t te r s .  
Some of the control animals were used at both 3 and 6 months.
The rats from Experiment 2 were tested at 12 months of age. A total 
of th irty -fo u r animals were used: eleven lead-exposed rats derived from 
eight l i t te rs  and six controls derived from four l i t te r s ,  besides seventeen 
age-matched rats from breeder's stock that were used as partners.
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Before testing the rats were caged singly for seven days. This 
period of isolation seems to lead to the maximum social a c tiv ity  on 
introduction. During the isolation the appropriate diets (control 
and 0.5% lead acetate) and tap water were provided ad lib itum .
The testing was carried out during the early dark period (7-9 p.m.), 
since the a c tiv ity  of the ra t is maximal at this time. The testing room 
was adjacent to the animal room, and had the minimum of lighting (table  
lamp) and external noise.
Before the introduction took place, for each experimental animal 
to be tested a weight-matched partner was selected either from the 
control rats (Experiment 1) or from breeder's stock animals (Experiment 
2).
The partner was placed into the observation cage (a community cage 
with wire mesh and s te rilized  sawdust as bedding) for 5 min. before the 
experimental animal was introduced to him. The experimental animal was 
labelled on the back with black marker to distinguish i t  from the partner.
The behaviour of the experimental animal was observed for 10 min.
The code name of each element performed by the animal was spoken to a 
tape recorder.
After 10 min. observation both animals were put back into the ir cages 
and the cage was cleaned for the next pair. Five pairs were tested per 
night.
The total number of each element performed was calculated for each
? 2 group. The data was subjected to X test, the overall value of X of
each age group is an approximate measure of the total behavioural e ffec t
of lead at that age. The contribution of each category to X was used
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to find i f  the occurrence of any category was s ign ifican tly  altered by 
lead.
The elements were classified into categories according to the 
tendency which was predominant (Grant and Mackintosh, 1963). The 
following categories were used: non-social behaviour, social investigation, 
sexual behaviour, aggression, f l ig h t .  The elements and the appropriate
behaviour performed are shown in Table 5.1.
The time consumed in exploring the cage was measured and the 
significance of differences in exploration times between the lead-treated  
and control animals a t various ages were tested using the Wilcoxon Rank 
Test.
S tatistics
Means and standard deviations were calculated for each group. One 
way analysis of variance was performed, followed by comparisons of pairs
of group means using Student's t - te s t . All lead values were transformed
into the logarithmic form before s ta tis tic a l analysis.
The s ta tis tic a l analysis of the behavioural data is explained in
5 .2 .3 .
5 .3. RESULTS
Figure 5.1 shows that the control rats consistently weighed about 
10% more than those that had received lead in their d iets. At 3 and 12 
months of age the differences were s ta tis tic a lly  s ignificant (P < 0.05 
and P < 0.01 respectively; Table 5 .2 ). The difference in the body weights 
was not due to the food intake since these were similar fo r both groups 
(F ig. 5.21.
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Table 5.1 Description of the elements observed in  the 
social behaviour study of the male Wistar ra t
Element Description
1. Non-social 
Explore 
Leave
Self-groom
exploration of the cage
2. Social Investigation  
Attend 
Approach 
Investigate
Nose
direction o f attention towards the partner 
directed movement towards the partner 
exploration of partner (not facial or 
ano-genital region) 
contact o f the noses o f the two animals
3. Sexual 
Follow 
S n iff
Attempted mount 
Mount
Post-copulatory grooming
following of the partner 
exploration o f the ano-genital region 
of the partner
self-grooming of the penis
4. Aggression
Aggressive posture
Aggressive groom
Offensive sidways
Chase
Threat
Bite
Attack
both animals standing up on hind legs 
facing each other
head movements towards the partner
rapid approach to the partner followed 
by aggressive grooming
5. Flight 
Kick 
Evade 
Retreat 
Crouch
Elevated crouch 
Submission 
Defensive sideways
kicking the partner with hind leg 
head movement away from the partner 
directed movement away from the partner
crouch with extended legs 
animal lies f la t  on its  back
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Figure 5.1 Growth of the male Wistar rats fed control d ie t (upper
curve) or d iet containing 0.5% lead acetate (lower curve) 
(mean body weightsof the animals in Experiment 1 ).
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Figure 5.2 Food intake of male Wistar rats fed normal d iet (blank 
column) and d ie t containing 0.5% lead acetate (shaded 
column) (g/animal/week).
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The brain weights (calculated from the weights of the brain parts) 
were consistently lower in the lead-exposed animals, the differences were 
significant at a ll ages studied (P < 0.01; Table 5 .2 ).
S im ilarly, the weights of the brain parts were reduced in the 
lead-exposed animals as compared to the control animals (Table 5 ,3 ).
The differences were s ta tis tic a lly  significant (P < 0.05) at each age 
in the brain stem, a t 6 and 12 months in the cerebellum and a t 6 months 
only in the forebrain.
The kidney weights were sim ilar in lead-exposed and control animals 
at 3 months, but s lig h tly  higher in the lead-exposed animals at 6 and 
12 months of age (Table 5 ,2 ). The difference was not s ta tis tic a lly  
significant a t 12 months of age when the weights were rather variable  
in the lead-treated animals.
In spite of the consistently lower body weights, the liv e r  weights 
of the lead-exposed animals were sim ilar to those in the controls through­
out the experimental period (Table 5 .2 ).
Table 5.4 shows that the blood lead concentrations in the lead- 
intoxicated animals were sim ilar a t 3 and 6 months of age, but s ign ifican tly  
higher at 12 months (P < 0.001).
Interestingly, the blood lead values in 3 month old Wistar rats 
exposed to lead were lower than those in 7 week-old animals sim ilarly  
exposed to lead (Table 3 .3 ), the lead concentrations were 76 + 11 and 
94 + 30 yg/100 ml respectively.
The brain lead concentrations in the lead-intoxicated rats were 
also sim ilar at 3 and 6 months, and s ign ifican tly  higher a t 12 months 
(Table 5 .4 ), The brain lead values at 3 months were almost identical
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Table 5.2 Effect of long-term lead ingestion on the 
body and organ weights in the male Wistar 
rats . (Values are means +SD ),
Age
(months)
Diet
Number
of
Animals
Body
weight
(g)
Organ weight (g) 
Brain Kidney Liver
3 Control 10 399+48
Lead 10 359+34*
6 Control 8 (504+49
Lead ^) 8 (473+27
12 Control 6 668+36
Lead  ^^ 11 587+5f*
2.08+0.13 (2.49+0.21 (14.81+1 .7( 
1 .93+0.06*12.45+0.31 113.92+2.0;
2.23+0.11 2.67+0.23 (19.25+1.8/
2.07+0.06**2.97+0.31* (19.78+1.2'
2.28+0.07 13.46+0.40 f 19.59+1.7: 
2.12+0.#*(4.11+0.98 (18.64+2.51
0.5% lead acetate in the d ie t.
Values significantly  d ifferen t from appropriate control values, 
are indicated by asterisk, level of significance * * *  = P < 0.001,
* *  = P < 0.01, *  = P < 0.05 (Student's t - te s t ) .
Values not sign ificantly  d ifferen t (P > 0.05) are connected with lines. 
Individual data in Appendix, Tables 16, 17 and 18.
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Table 5.3 Effect o f long-term lead ingestion on the 
weights of forebrain, brain stem and cerebellum 
in the male Wistar»rats.
(Values are means + SD).
Age
lonths)
Diet Number
of
Animals Forebrain
Weight (g) 
Brain stem CerebelTurn
3 Control 
Lead ^)
10 n . 130+0.087 0.638+0.060 
*” *
0.314+0.026
10 ( l .063+0.052 0.573+0.041 to.297+0.017
6 Control 
Lead ^)
8 1.201+0.068 
■" *
0*682+0.062 
■” *
0.347+0.032 
~  *
8 1.130+0.034 0.620+0.034 0.316+0.015
12 Control 
Lead ^)
6 n  .139+0.091 0.763+0.042 “  *
0.378+0.030 
~  *
11 I 1.064+0.062 0.712+0,045 0.345+0.000
^) 0.5% lead acetate in the d ie t.
Values s ignificantly  d ifferen t from appropriate control values are 
indicated by asterisk, level of significance *  = P < 0.05 (Student's t - te s t ) .
Values not sign ificantly  d ifferen t (P > 0.05) are connected with lines.
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Table 5.4 Effect of long-term lead ingestion on the 
concentrations of lead in the blood and tissues 
o f the male Wistar rats.
(Values are means + SD).
Diet
Age
(months)
Number
o f
Animals Blood^) 
(yg/100ml)
Brain^)
(ug/g)
Kidney^^
(vg/g)
Liver^)
(ug/g)
Control . 3 10 10 + 2 0.16+0.05 0.22+0.05 0.36+0.09
6 8 16 + 3 - 0.30+0.05 0.20+0.03
12 6 1 5 + 3 0.20+0.07 0.30+0.06 0.45+0.11
Lead^) 3 10 (76 +11 (1.23+0.24^ 13.6+1.2® 2.86+0.34®
6 8 178 +11® 11 .11+0.24^ 18.9+2.7® 1.99+0.35®
12 11 103 +17® 1.61+0.42°C35.9+6.6® 4.59+0.98®
^^  whole blood 
wet weight
0.5% lead acetate in the d ie t.
S ignificantly d ifferen t values are indicated by pairs of le tte rs , level 
of significance a = P < 0.001, b = P < 0.01, c = P < 0.05 (Student's t - te s t ) .
Values not s ignificantly  d ifferen t (P > 0.05) are connected with lines.
Individual data in Appendix, Tables 16, 17 and 18.
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with the values at 7 weeks of age (1,23 + 0.24 vs.1 .22 + 29 ug/g).
Table 5.5 shows that the concentration of lead in the forebrain 
was higher than that in the brain stem and cerebellum, and that the 
concentration in the brainstem and cerebellum were s im ilar.
The lead concentrations in the forebrain were sim ilar a t 3 and 6 
months, but increased s ign ificantly  by 12 months of age [P < 0. 001) .
The values were also higher at 12 months of age in the brainstem and 
cerebellum but the differences were not s ignificant.
The concentration of lead in the kidneys of the lead-exposed animals 
increased with age, the differences between a ll ages studied were 
highly sign ificant, P < 0,001 (Table 5 .4 ). However, there was no 
difference in the kidney lead concentrations between 3 months and 7 
weeknold Wistar rats (13.6 + 1.2 vs. 13,3 + 3.5 yg/g).
The concentrations of lead in the livers of the lead-exposed rats 
were sim ilar a t 3 months and 7 weeks of age (2.86 + 0.34 vs. 2.36 + 0.38yg/g) 
There was, however, a transient reduction in the concentration a t 6 months, 
followed by a considerable rise  a t 12 months of age (Table 5 .4 ),
The results of the social behaviour study are shown in Tables 5.6 -
5.9 and in Figure 5.3 Table 5.6 shows the numbers of individual elements
displayed by the control and lead-exposed animals at 3 months of age. The 
2
contribution to X of each category is also given.
Exposure to 0.5% lead acetate in the d ie t for 3 months s ign ifican tly  
changed the social behaviour of the rats (X  ^ = 33.3, df = 4, P < 0.001).
The categories of elements most affected were agrression and f l ig h t ,  with 
the control rats showing s ligh tly  more aggressive behaviour and less 
f l ig h t  than those exposed to lead.
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Table 5.5 Effect o f long-term lead ingestion on the
concentrations of lead in the forebrain, brain 
stem and cerebellum of the male Wistar ra ts . 
(Values are means + SD).
Diet Age(months)
Number
of
Animals
Lead concentration (ug/g) V  
Forebrain Brain stem Cerebellum
Control 3 10 0.14+0.06 0.15+0.05 0.18+0.03
6 - - - -
12 6 0.23+0.16 0.13+0.09 0.19+0.07
Leadf) 3 10 n . 48+0.30*’ rO.90+0.38 0.80+0.24
6 8 t l .45+0.38 ' 0.70+0.19 0.70+0.16
12 10^) 2.02+0.65*’ .1.05+0.32 J  .14+0.14
wet weight
0.5% lead acetate in the d iet 
4 cerebellum samples(pooled from 8 animals).
S ignificantly d ifferen t values are indicated by pairs of le tte rs , 
level of significance b = P < 0.01 (Student's t - te s t ) .
Differences in lead concentration between forebrain and brain stem 
and between forebrain and cerebellum were highly s ign ificant (P < 0.001).
Differences in lead concentrations between brain stem and cerebellum 
were not s ign ifican t.
Values not significantly d ifferen t (P >0 ,05 ) are connected with lin es .
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Table 5.6 Effect of long-term lead ingestion on the occurrence
2of individual elements and contribution to X by each 
category of elements observed in the social behaviour 
study of the male Wistar rats at 3 months of age.
(Values are total frequencies for 10 animals in each group)
Element Observed (frequency) 
Control Lead^)
Contribution to X^
1. Non-Social
Explore 185 197
Leave 4 1 0.2
Self-groom 49 24
2. Social Investigation 
Attend 25 12
Approach 94 103
Investigate 117 150 Ù .0
Nose 0 3
<-
3. Sexual
Follow 60 89
Sniff 34 56
Attempted mount 79 14 1.7
Mount 7 0
Post-cop. groom 7 0
4. Aggression
Aggressive posture 25 11
Aggressive groom 60 58
Offensive sideways 58 16
Chase 3 6 11.7
Threat 7 0
Bite 11 3
Attack 22 29
5. Flight
Ki ck 9 30
Evade 14 14
Retreat 0 15
Crouch 15 11 17.1
Elevated crouch 2 7
Submission 11 11
Defensive sideways 38 63
936 923 X^  = 33.3
1) 0.5% lead acetate in the d iet.
Individual data in Appendix, Table 19.
d .f.=  4
P < 0.001
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At 6 months, the total number of elements displayed was considerably 
less in the lead-exposed rats (457 vs. 668; Table 5.7) probably because 
the lead-exposed animals consumed significan tly  more time in exploring the 
cage (Fig. 5 .3 ). However, lead exposure s ign ificantly  changed the 
distribution of the elements (X^ = 22.9, df = 4 , P < 0.001), and the 
categories most affected were again aggression and f l ig h t . At this age, 
however, the rats exposed to lead showed more aggressive behaviour, and 
this was also found a t 12 months of age (Table 5 .8 ).
S ta tis tica l analysis of each category separately showed that only 
aggression was sign ificantly  altered by lead exposure (Table 5 .9 ).
At 3 months, the total number of aggressive elements displayed by 
the animals exposed to lead was less than in the controls (123 vs. 186). 
However, the d ifferen t elements in their aggressive behaviour were altered  
in d ifferen t directions fo r, ‘offensive sideways* was decreased and 
'aggressive groom' increased in the lead-exposed animals.
At 6 months, the lead-exposed animals showed more 'aggressive groom', 
whereas 'attack' was increased in the controls. The la t te r  difference 
was not, however, s ta tis tic a lly  significant because of the low frequency 
of observation of this group of elements.(Table 5 .9 ).
At 12 months, the lead-exposed animals displayed considerably more 
aggressive elements than the controls, with the total frequency of 
aggressive elements for eleven lead-exposed rats being 150, and that for 
six controls only 44. The elements most affected was again 'aggressive 
groom' .(Table 5 .9 ).
Figure 5.3 shows that the animals exposed to lead tended to spend 
more time exploring their cages. At six months of age the difference.
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Table 5.7 Effect of long-term lead ingestion on the occurrence
2
of individual elements and contribution to X by each 
category of elements observed in the social behaviour 
study of the male Wistar rats at 6 months of age.
(Values are total frequencies for 8 animals in each group).
Element
1
Observed (frequency) 
Control Lead^  ^
Contribution to X^
1. Non-Social
Explore 157 124
0.6Leave 6 1
Self-groom 26 6
2. Social Investigation
Attend 15 9
Approach 94 67 0.0Investigate 148 100
Nose 2 0
3. Sexual
Follow 48 39
S n iff 65 31
Attempted mount 0 0 0.4 '
Mount 0 0
Post-cop. groom 0 0
4. Aggression
Aggressive posture 6 7
Aggressive groom 16 36
Offensive sidways 15 11
Chase 0 1 8.0
Threat 0 0
Bite 4 0
Attack 5 0
5. Flight
Ki ck 24 2
Evade 10 5
Retreat 0 0
Crouch 5 1 13.9
Elevated crouch 5 1
Submission 0 0
Defensive sideways 17 6
668 457 = 22.9
1) 0.5% lead acetate in the d iet.
Individual data in Appendix, Table 20
d. f .— 4
P < 0.001
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Table 5.8 Effect of long-term lead ingestion on the occurrence 
of individual elements and contribution to X by each 
category of elements observed in  the social behaviour 
study of the male Wistar rats at 12 months of age.
(Values are total frequencies for 6 controls and 11 lead- 
exposed animals).
Element Observed (frequency)
Control Lead^^
2Contribution to X
1. Non-Social
Explore 124 302
Leave 9 23 5.5
Self-groom 51 130
2. Social Investigation
Attend 17 38
Approach 83 155 2.9
Investigate 107 165
Nose 0 0
3. Sexual
Follow 64 63
S niff 26 18
14.4Attempted mount 0 24
Mount 0 0
Post-cop. groom 0 0
4. Aggression
Aggressive posture 5 12
Aggressive groom 5 52
Offensive sideways 22 59
Chase 0 0 9.3
Threat 9 5
Bite 0 0
Attack 3 22
5. Flight
Kick 12 35
Evade 11 21
Retreat 0 0
Crouch 22 20 0.6
Elevated crouch 3 10
Submission 0 1
. Defensive sideways 22 40
595 1195 = 32.7
1) 0.5% lead acetate in the d iet.
Individual data in Appendix, Table 21
d .f.=  4
P <0.001
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Table 5.0 Effect of long-term lead ingestion on the occurrence 
and contribution to X of aggressive elements observed 
in 3, 6 and 12 months old, male Wistar rats in the 
social behaviour study.
Element 3 months 6 months 12 months
Observed Contgib. Observed Contgib. Observed Contgib
frequency to X frequency to X frequency to X
Control Lead^) Control Lead^) Control LeaP
Aggressive
posture 25 11 1.1 6 7 0.0 5 12 0.3
Aggressive
groom 60 58 4.3 16 36 5.0 5 52 6.4
Offensive
sideways 58 16 9.6 15 11 1.4 22 64 0.3
Attack (Chase, 
Threat, Bite) 43 38 1.9 9 1 6.4 12 22 2.0
186 123 = 16.9 
d .f.=  3 
P < 0.001
46 55 X^=12.8
d .f.=  3 
P< 0.01
44 150 X  ^ = 9 ,0  
d .f.=  3 
P < 0.05
1) 0,5% lead acetate in  the d ie t.
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Figure 5.3 Effect of long-term lead ingestion on the exploring
times o f the male Wistar rats in the social behaviour 
study (mean and range).
1) Wilcoxon rank test
2) 0.5% lead acetate in the d iet
Number of animals in parentheses.
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as tested by the Wilcoxon Rank Test, was s ta tis tic a lly  s ign ificant 
(P < 0. 01) .
5.4 DISCUSSION
The results of the present study indicate that male Wistar rats 
exposed to dietary lead for 6-12 months may show increased aggressiveness.
These observations are in agreement with those of Sauerhoff and 
Michaelson (1973), Silbergeld and Goldberg (1973) and Michaelson and 
Sauerhoff (1974) who observed increased fighting among litterm ates of 
lead-exposed rodents. However, i t  is not certain whether these effects  
were due to lead or undernutrition because the lead levels used in these 
experiments caused a fa ll  in the food consumption with a concomitant 
retardation of growth, and restricted food intake during the early period 
of l i f e  has been found to increase aggressive behaviour in the ra t 
(Levitsky and Barnes, 1972; W hatson^al., 1974).
In the present experiment the dietary lead level produced no change 
in the food consumption, yet a s light reduction in the body weight was 
found. The difference in the body weights between lead-exposed and control 
animals was, however, consistent a t a ll age groups, whereas the increase 
in the aggressive behaviour was most prominent at 12 months.
Interestingly, the 12-month-old males also had considerably higher 
concentrations of lead in the brain than the 3- and 6-month-old animals.
This may indicate that increased aggressive behaviour of lead-exposed 
rats is due to a d irect toxic e ffec t of lead present in the brain, and 
not to a nutritional e ffec t.
The concentrations of lead in the blood and tissues of the lead-exposed 
rats in the present study were sim ilar to those found in the wild rats from
- 142 -
an urban environment. Mouw 0971) reported that wild urban rats ,
weighing just under 400 g, had the following tissue lead concentrations: 
blood 55 pg/lOO ml; brain 1.11 yg/g; kidney 22.7 yg/g; liv e r  3.34 yg/g.
The respective values for the 3-month-old male rats fed 0.5% lead acetate 
in the d iet were: 76; 1.23; 13.6; 2.86.
In view of these findings i t  is of particular in terest that lead 
intoxication in children may produce hostile, aggressive, and destructive 
behaviour patterns (Byers and Lord, 1943; NAS, 1971), and a connection 
between increased lead absorption and criminal behaviour in adults has 
been suggested (Bryce-Smith, 1972; Waldron and Stofen, 1974, pp.151).
The lead-exposed male rats in the present experiment took more time 
exploring their cage than the controls. This does not, however, mean that 
the lead-exposed animals behaved less socially than the controls for the 
frequencies of non-social and social behaviour were sim ilar in both groups 
throughout the experimental period.
Increase in the exploratory behaviour of the lead-ex posed., male rats 
may indicate increased locomotor a c tiv ity . In fa c t, hyperactive behaviour 
has been observed in mice and rats exposed to lead during early l i f e  
(Sauerhoff and Michaelson, 1973; Silbergeld and Goldberg, 1973, 1974;Michael 
son and Sauerhoff, 1974). However, the lead treatment in these experiments 
produced considerable retardation of growth of the young animals, which 
may have contributed to the increased ac tiv ity  in these animals. Indeed, 
Frankova and Barnes (1968) observed a transient increase in the a c tiv ity  
of rats malnourished during infancy.
Locomotor ac tiv ity  of the lead-exposed rats with unaffected growth 
rates have been shown to be increased (Goiter and Michaelson, 1975),
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decreased (Reiter ejb £1., 1975) or sim ilar to the appropriate controls 
(Sobotka and Cook, 1974; Brown, 1975).
From this discussion i t  is evident that further studies are 
needed to explain the role of lead exposure in the causation of the 
hyperactivity in experimental animals. Particular consideration 
should be given to the conditions of the ac tiv ity  measurement, since lead 
treatment alters the animal's reac tiv ity  to a novel situation (Reiter 
et 1975; Driscoll and Stegner, 1976).
The association of lead exposure with hyperactivity may be of 
c lin ica l importance, since there is some evidence of the increased 
body burdens o f lead in hyperactive children (David £ t ^ ,  1972).
The neurochemical mechanisms underlying the behavioural effects 
of lead intoxication have been studied in mice and rats (Sauerhoff 
and Michaelson, 1973; Goiter and Michaelson, 1975; Silbergeld and Goldberg,
1975). In spite of the conflicting results in rats , i t  is evident that 
postnatal exposure to lead produces enhanced noradrenergic function and 
inhibition of cholinergic function in the nervous system of the rodent.
In v itro  experiments have yielded sim ilar results (Kostial aind Vouk, 1957; 
Silbergeld et 1974).
Preliminary studies suggest that altered catecholamine metabolism 
also occurs in children with asymptomatic lead exposure. Substantially 
increased excretion of some catecholamine metabolites was found in the 
urine of children with raised blood lead levels (Silbergeld and Chisolm,
1976).
Changes in catecholamine levels in lead-treated animals (and in man) 
could be related to the inhibitory effect of lead in adenyl cyclase
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(Nathanson and Bloom, 1975). Also other enzymes, most probably métallo- 
enzymes, may be involved. Michaelson and Sauerhoff (1973) and Niklowitz 
and Yeager (1973) found that accumulation of lead in the brains of lead 
intoxicated rats and rabbits coincided with a loss of some essential 
trace metals.
The effect of lead on the nervous system may depend to a great 
extent upon the distribution of lead within the brain. In the present 
study three parts were studied and the highest concentration was found 
in the forebrain.
Previous studies on acutely intoxicated rats and rabbits showed no 
differences in lead concentration between various parts of the brain 
(Niklowitz and Yeager, 1973; Goldstein jet £ l ,  1974). Michaelson (1973), 
however, reported that the concentration of lead in the cerebellum was 
twice that in the cerebrum of three-week-old suckling rats intoxicated 
by lead via maternal m ilk. Extensive hemorrhage in the cerebellar 
cortex of the lead-intoxicated animals may have contributed to the la tte r  
finding. In fa c t , in the experiment by Goldstein and coworkers (1974), the 
concentration of lead in the cerebrum of the adult rats s lig h tly  exceeded 
the concentrations in the cerebellum and pons.
The kidneys of the lead-exposed male rats in the present study were 
consistently heavier than in the control animals. Similar findings have 
been reported by Goyer (1968) and Hirsch (1973). Increased kidney weight 
in lead-exposed animals may be a response of this organ to an increased 
work load. I t  is well known, that removing one kidney w ill resu lt in 
hypertrophy of the remaining kidney. On the other hand, increase in kidney 
weight may be an indication of a direct toxic effect of lead on the kidneys.
-  145 -
Since lead treatment does not a lte r  the water content of the kidneys 
(Hirsch, 1973), the re la tive  increase in the kidney weight may be 
associated with an increase in renal protein or nucleic acid synthesis. 
Indeed, Choie and Richter (1972, 1973) have shown that repeated injections 
of lead acetate in rats induce a marked increase in DMA synthesis in 
the epithelium of the proximal and distal tubules o f the kidneys causing 
ep ithelia l hyperplasia. Goyer (1968) reported a positive correlation
between the increase in kidney weight of lead-intoxicated rats and amino­
aciduria. He suggested that this was due to tubular dysfunction related 
to impaired mitochondrial function (Goyer et al., 1968). Excessive 
aminoaciduria has also been observed in lead-intoxicated children 
(Emmerson, 1967) and adults (Clarkson and Kench, 1956).
Increased loss of amino acids in the urine may well explain the
reduction in the body weights of the lead-intoxicated male rats in the 
present study. However, Goyer ^  ^  (1970) found that decreased weight 
gain is one of the most sensitive indices of the metabolic effects of 
lead, and becomes apparent at a smaller dose than that producing increase 
in the kidney weight and aminoaciduria. This would indicate that there 
are other factors,such as a fa ll  in the intestinal absorption of nutrients, 
that contribute to the decreased growth.
The reason for the increased lead concentrations in the blood and 
tissues of the 12-month-old male rats as compared to the younger animals, 
remains at present unexplained. Renal fa ilu re  is a possible explanation.
In this connection i t  is interesting to note the observation by Henderson 
(1955) associating serious renal disease in the fourth decade with lead 
intoxication in childhood.
The possibility  of renal fa ilu re  resulting in the increased blood
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and tissue lead concentrations in the rats exposed to lead for 12 
months in the present study is supported by the findings of Kramer et 
als. (1974) in workers with d ifferen t periodsof lead exposure. Kramer 
and coworkers observed lower excretion of lead in the urine and lack 
of intranuclear inclusion bodies in the kidneys of the workers with 
longer periods of lead exposure, and suggested that severe prolonged 
lead exposure may result in frank renal fa ilu re .
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• Chapter 6 
GENERAL DISCUSSION
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Epidemiological surveys of blood lead concentrations in children 
liv ing  in situations of high risk have revealed large numbers with 
markedly elevated levels. Lin-Fu (1972) summarizing a great deal of 
recent data reported that at least a f i f th  of a ll the measurements were 
in excess of 40yg/100ml. This is the upper lim it thought to be safe 
and above which abnormalities in erythrocyte porphyrin metabolism 
become evident (Chisolm, 1973; Zielhuis, 1975a). S im ilarly, surveys 
of the lead concentrations in the hair and teeth in children at risk  
have confirmed th e ir excessive lead exposure (Pueschel £ t  , 1972; 
Needleman ^ . , 1974).
In children ingestion is a more important route for lead absorption 
then inhalation, because of the ir habits of exploring th e ir environment 
with the ir mouth. I t  has been suggested that daily ingestion of dust 
and d ir t  on the hands may also play a substantial role in more subtle 
forms of childhood lead intoxication (Sayre et ^ . ,  1974). A well 
recognised source of lead exposure in childhood is peeling lead paint 
and broken lead-impregnated plaster, s t i l l  to be found in poorly 
maintained old houses. This source may account for the more severe 
forms of lead intoxication, such as haemorrhagic and oedematous lead 
encephalopathy, convulsions, coma and death (Greengard et ^ . , 1965;
Oberle 1969; Chisolm, 1971a; Lin-Fu, 1973).
In the present study symptoms of lead intoxication were produced 
in immature rats following the oral ingestion of lead,thereby creating 
a situation somewhat analogous to the increased lead absorption and 
consequent lead intoxication of childhood. Newborn rats were exposed 
to lead from b irth , according to the method of Pentschew and Garro (1966), 
f i r s t  via maternal milk, then directly  through a diet containing lead
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as lead acetate.
As in the experiment by Pentschew and Garro (1966) and in other 
sim ilar experiments (Rosenblum and Johnson, 1968; Thomas et , 1971; 
Michaelson, 1973; Goldstein et , 1974) the lead intoxicated young 
rats in the present experiment exhibited various symptoms ranging from 
mild growth retardation to paralysis of the hind part of the body, 
whereas the lactating mothers tolerated the lead-containing d iet 
without any observable i l l  effects.
Determination of the concentrations of lead in the blood and 
tissues revealed that the young rats had considerably higher blood 
and tissue levels of lead than did the adult rats. The concentrations 
of lead in the blood of the lead intoxicated young rats were comparable 
to the values found in children suffering from acute lead intoxication. 
Chisolm (1968) reported blood lead levels ranging from 100 to 800yg/100ml 
in children with symptoms of acute lead intoxication, while in the rats 
levels of 200 to IBOOug/lOOml were found.
Sim ilarly, the concentrations of lead in the brains of the young 
rats exhibiting the symptoms of lead intoxication (up to 7yg/g wet weight 
in the present study and in the study by Goldstein ^  , 1974; up to
12yg/g in the experiment of Thomas et , 1971 and Michaelson, 1973) 
are in the range of those observed in the children who died of lead 
encephalopathy (2-12yg/g wet weight; Chisolm, 1968)..
A wide range of lead concentrations was observed in the blood and 
tissues of individual lead intoxicated children (Chisolm, 1968) and a 
sim ilar range has been found in the present study with groups of young 
rats exposed to lead, indicating that there is a considerable individual 
variation in the individual's response to ingested lead. In children 
i t  may be due to individual idiosyncrasy or to concomitant dietary
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deficiencies or diseases (reviewed e a r lie r ) . Although there is some 
slight evidence to support the view that individual susceptib ility  to 
lead may be genetically determined in humans (Waldron and Stttfen, 1974, 
p .152), the present study would support the view that this phenomen 
is caused by some concomitant nutritional factors. In the present 
experiements a highly inbred (genetically homogeneous) strain of rats 
was used, and the high values tended to occur in l it te rs  of pups sucking 
the same dam. I t  is possible that lead in the maternal d iet may have 
caused a more complex change in the composition of maternal milk than 
the simple addition of lead to the product. Many of the nutritional 
factors affecting lead tox ic ity  have been recognised (Goyer and 
Mahaffey, 1972; Mahaffey, 1974), but need to be subjected to vigorous 
experimental confirmation.
In view of the re la tive ly  good comparability between the blood
and tissue lead concentrations in the lead intoxicated young rats in
the present study with those in the children suffering from lead
intoxication, i t  is interesting to note that wild urban rats were reported 
to have sim ilar blood and tissue lead concentrations to those found in the
3 and 6 month-old male rats in the present study, which were exposed 
to 0.5% lead acetate in the d iet (Mouw ^  , 1975).
Although Mouw and coworkers stressed the importance of respiratory  
exposure to airborne lead as a cause for the accumulation of lead in 
urban rats , they did not deny the possible contribution of other 
factors, such as street d ir t  and dust, and peeling paint. The high 
amounts of lead in c ity  dust and d ir t ,  0.1% to 0.2% (Hunt ^  , 1971),
and in some paints on sale 3% to 62% (Coombes, 1972), may well account 
for the toxic effects of lead observed in children, especially in those 
suffering from pica.
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Another possible explanation for the increased blood and tissue 
lead concentrations in lead intoxicated children may be the increased 
gastrointestinal absorption of lead by the young as compared to the 
adults. I t  has been shown, using a carrier-free  lead isotope, that 
absorption of lead is increased in young animals (Kostial e t a1_., 1971; 
Forbes and Reina, 1972; Gerber and Deroo, 1975). S im ilarly, children 
with no history of lead exposure absorb about 50% of ingested lead, 
whereas the absorption percentage for adults is about 10% (Kehoe, 1961; 
Thompson, 1971 ; .Alexander e t ^ ,,^ 9 7 3 ; Karhausen, 1973; Rabinowitz 
et ^ . , 1973). The results of the present study indicate that young 
ra ts ,in  experimental conditions analogous to pica and consequent lead 
intoxication in children, absorb more of the ingested lead than do the 
adult animals. I t  is suggested that the increased blood lead concentrations 
in children suffering from acute lead intoxication (Chisolm, 1968, 1973) 
may have been caused by increased gastrointestinal absorption of lead 
in addition to the higher levels of lead exposure and more frequent 
ingestion.
Forbes and Reina (1972) showed that increased gastrointestinal 
absorption of lead in the suckling rat is sim ilar to the increased 
absorption of iron and strontium by the young. Also the absorption of 
calcium is higher in the young (Taylor e t ^ . ,  1962). I t  seems probable 
that the maturation processes involved in the gastrointestinal absorption 
of various minerals are not element specific. Furthermore, the present 
findings on the reflex development of suckling rats would indicate that 
the maturation of the gastrointestinal system may be dependent on the 
total development of the young animal. The strain of rats (Hooded) 
which had lower blood lead levels at weaning (indicating lower absorption), 
showed e a rlie r  maturation of various physical features and reflexes 
studied.
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The decline in the absorption of lead and some other minerals 
which occurs at about three weeks of age in the ra t, may merely re fle c t 
the fact that the intestine ceases to exhibit the phenomen of pinocytosis
shortly before this time, at about 18 days of age (Clark, 1959).
Halliday (1956) showed that the a b ility  of ra t intestine to absorb 
antibodies from maternal milk was lost between 18 and 20 days of age.
On the other hand, the high absorption of lead from the gastro­
intestinal trac t in suckling rats compared with adult rats may be 
explained, at least partly , by the nature of th e ir d iet rather than by 
functional immaturity of the gut. Maternal milk is , in almost a ll species, 
a high-fat low-carbohydrate d ie t, whereas the food of adult animals may 
be characterized as a high carbohydrate, low-fat d iet (Koldovsky, 1972).
In this view i t  is interesting to notice that high dietary fa t  increases 
the absorption of lead(Barltrop and Khoo, 1975). Addition of milk to 
the d iet sim ilarly increases the absorption of lead in the ra t (Kello 
and Kostial, 1973). However, the mechanism by which these nutritional 
factors affect lead absorption is fa r from clear, the high mineral
content of the m ilk, for instance, is known to decrease the absorption
of lead (Bari trop and Khoo, 1975).
Various other factors, such as the slowness of the evacuation of 
the stomach and of the propulsive mobility of the gastrointestinal trac t 
in the young, may also contribute to the increased absorption of lead 
and other minerals from the intestine.
Although a number of factors are known to influence the absorption 
of lead, the mechanism whereby lead is transported across the gut mucosa 
has not been worked out. In this connection the effect of calcium 
deserves more consideration. I t  has been postulated that calcium reduces
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lead absorption from the gut by competing for binding sites on mucosal 
cells . Shields and Mitchell (1941) showed that the concentration of 
lead in the soft tissues was increased by lowering the amounts of calcium 
and phosphate in the d ie t, e ither separately or together. This effect 
was la te r confirmed by many workers (Six and Goyer, 1970; Mahaffey e t a l . ,  
1973; Quarterman and Morrison, 1975;Bari trop and Khoo, 1975). Lederer 
and Bing (1940) showed that the low dietary calcium did not increase the 
uptake of lead administered in traperitoneally , which would indicate that 
this e ffect of calcium is specific fo r the gastrointestinal trac t.
Since a low calcium diet is known to modify the absorption of 
other minerals, fo r example magnesium (Morris and O 'Dell, 1963) and 
strontium (MacDonald et al^., 1955), i t  is probable that a common pathway 
exists for the absorption o f calcium and other minerals including lead 
from the gut.
E arlier work indicated that the absorption of lead may be an active 
process, perhaps governed in part by the influence of vitamin D 
(Sobel e t£ l^ ., 1940). However, more recent investigations using everted 
gut sacs suggest that the active transport of lead in a ll segments of 
small intestine is negligible (Gruden and Stantic, 1975). Moreover, 
the same workers have reported that lead, in fa c t, decreases the 
absorption of calcium, probably by binding irreversibly to the protein 
components in the membrane of the duodenal wall and thus inhib iting  the 
passive transport of calcium (Gruden et £l^., 1974). I t  is possible that 
lead actually competes with calcium and some other minerals for the same 
channels of passive transport, thereby an increase in the calcium 
concentration of the lumen would result in decrease of lead absorption 
and vice versa. Vitamin D may act to increase the lead absorption by 
increasing the active transport of calcium, thus leaving more of the
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passive pathways open to lead.
Interestingly, many of the nutritional factors reported to increase 
lead absorption, may actually reduce the uptake of calcium. For instance, 
high fa t and high protein diets which have been demonstrated to increase 
lead absorption (Bari trop and Khoo, 1975), may decrease the a v a ila b ility  
of calcium from the gut (Calverley and Kennedy, 1949; Johnson et , 1970). 
However, more work is required before the mechanism of lead transfer across 
the gut wall and the mode of action of nutritional factors upon this can 
be fu lly  understood.
The young child is thought to be especially at risk from lead 
intoxication because the developing nervous system is particu larly  
vulnerable to the toxic effects of the mineral. There is evidence that 
children who have suffered from c lin ica l lead intoxication show persistent 
effects a fte r treatment and apparent recovery (Byers and Lord, 1943; 
Perlstein and A tta la , 1966; Chisolm, 1965). However, the occurrence 
of behavioural defic its  as the result of exposure to present urban lead 
concentrations is a highly contentious subject. Evidence has been presented 
that children with only s ligh tly  increased blood lead levels show some 
behavioural abnormalities such as hyperactivity, impaired fine-motor 
coordination and learning problems (David 1972; de la  Burde and
Choate, 1972; Pueschel 1972; Beattie e t £ [ . ,  1975; Landrigan
, 1975). However, some workers have produced conflicting reports 
claiming that these defic its  were caused by social and environmental 
conditions rather than by lead (Kotok, 1972; Lansdown et a l . ,  1974). I t  
may be that too much attention has been given in these studies to a single 
blood lead measurement as an indicator of lead exposure. This view has 
already been presented by Chisolm (1973) who reported that blood lead 
measurements correlate poorly with the severity and onset of the symptoms 
of lead intoxication in children. S im ilarly Nordberg (1976, p .30) stated
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that lead levels of c r it ic a l organs such as brain, bone marrow and 
kidney probably relate more closely to the effects in these organs 
than blood lead levels.
Animal experiments have been useful in trying to understand the 
relationship between blood and brain lead concentration in lead 
intoxicated children. Goldstein et a][. (1974) reported that in young 
rats the retention of lead by the brain persists a fte r blood lead levels 
fa l l  to acceptable values. Therefore interm ittent exposure to lead and 
transient increases in blood lead levels may result in significant 
deposition of lead in the brain. Consequently, the concentration of 
lead in the blood cannot be used as a measure of the amount of lead 
in the brain.
S im ilarly, in the present study the concentration of lead in the 
brains of young rats , exposed continuously to lead from b irth , remained 
high in spite of the decrease in the blood lead levels with age. 
Furthermore, the levels of lead in brains of the young rats were 
considerably higher than in the adult animals exposed to sim ilar amounts 
of lead.
I t  has been suggested that u tiliza tio n  of various substances by 
the brain is restricted , not by the a v a ila b ility  of these substances in 
the blood, but by the in a b ility  to pass a mechanical barrier between 
the blood and brain (Davson, 1970). Immaturity of this barrier in the 
young animal would explain the higher flow of substances into the young 
brain.
On the other hand, Dobbing (1961) has suggested that the blood- 
brain-barrier does not present a mechanical hindrance to interchange 
between the blood and brain, but reflects the metabolism of the brain.
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The metabolic s ta b ility  of the adult brain would re s tric t the influx  
of substances from the blood, whereas the greatly d ifferen t metabolic 
state of the growing brain would enhance the in flux of substances in to 
the young animal. So, according to this theory the greater accumulation 
of lead by the brain of the suckling in the present stuc(y, would be due 
to the anabolism of the young brain.
However, the present study suggests that the higher concentrations 
of lead in the brains of the suckling rats were caused by the increased 
blood lead concentrations rather than by any in trin s ic  vu lnerability of 
the immature brain to lead. The brain lead/blood lead ratios were 
sim ilar in the young and adult rats , which would indicate that the brains 
of the suckling rats accumulated a sim ilar proportion of the lead from 
the blood as did the brains of the adult animals. In other words, the 
in flux of lead into the suckling rats brain was sim ilar to that into the 
adult rats brain in spite of the greater in flux of substances into the 
young brain.
C learly, the mechanism by which lead is taken up by the brain needs 
further investigation. The lower concentration of lead in the brain 
as compared to the other tissues in the present study would suggest the 
presence of regulating factors that lim it the passage of newly ingested 
lead from the systemic circulation into the nervous system. Furthermore, 
the present results would indicate that these regulating factors operate 
in a sim ilar manner in the young and adult brain, and that the higher 
concentration of lead in the suckling brain as compared to the adult 
brain is due to increased blood lead levels reflecting increased gastro­
intestinal absorption of lead by the young. The present study could not 
explain the retention of lead in the brain a fte r the blood lead levels 
f a l l .  I t  is possible that decreased metabolic a c tiv ity  in respect of 
the cessation of the structural growth in the older animals may play
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some part in th is. Decreases in the kidney and liv e r  lead concentrations 
parallel to the blood lead concentration with increasing age would 
support this view. In contrast to brain, the kidneys and liv e r  in the
adult animal have very l i t t l e  in ert structure and thus a high rate of
exchange of metabolites (and lead) between blood and these tissues 
(Dobbing, 1961).
Retention of lead by the brain a fte r the lead levels in the blood
and other tissues fa l l  may be responsible fo r chronic neurological
disorders. Behavioural a b n o r m a l i t i e s , learning defic its  and hyperactivity 
have been reported in children (de la  Burde and Choate, 1972; David e t a l.»  
1972; Beattie e t £ [ . ,  1975; Landrigan ^  1975) and in experimental
animals (Sauerhoff and Michaelson, 1973; Silbergeld and Goldberg, 1973, 
1974; Michaelson and Sauerhoff, 1974; Goiter and Michaelson, 1975) 
exposed to lead.
In the present study, long-term lead ingestion produced in male 
rats blood and tissue lead concentrations sim ilar to those found in 
wild urban rats (Mouw et ^ . , 1975), but did not affect s ign ifican tly  
the social behaviour of these animals except of the s light increase in 
the aggressive behaviour towards the end of the experimental period and 
of the small, but consistent increase in exploration. The association 
of lead exposure with aggressive and hyperactive behaviour may be of 
clin ica l importance, since increased lead absorption in children may 
produce hostile , aggressive and hyperactive behaviour patterns (Byers 
and Lord, 1943; NAS, 1971; David et , 1972), and a connection 
between increased lead absorption and criminal behaviour in adults has 
been suggested (Bryce-Smith, 1972; Waldron and Stôfen, 1974, p .157).
The present study did not solve the problem of childhood lead 
intoxication. However, i t  clearly demonstrated that increased
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gastrointestinal absorption by the young may play an important role 
in enhancing the susceptibility of the young to lead. Further research 
has to confirm or deny the significance of this finding. S im ilarly , the 
mechanisms presented fo r the gastrointestinal absorption of lead and 
for the passage of lead into the brain need to be subjected to experimental 
confirmation.
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Lead intoxication in children is a d ifferen t health problem from 
that in adults. The childhood lead intoxication generally occurs as 
accidental intoxication among young children who cannot be kept under 
constant surveillance, whereas lead intoxication in adults is an 
occupational hazard which can be kept under control through periodic 
examinations of the exposed workers.
There is some indication that children besides having a greater 
exposure to hazardous sources of lead and ingesting lead more often 
(p ica), may absorb and retain more lead than adults. Furthermore, 
differences in distribution of lead in the body, certain nutritional 
inadequacies, and aspects of growth may also act to increase the 
susceptibility of children to lead.
In the present experiments a situation analogous to pica and 
subsequent lead intoxication in children was created by exposing new-born 
rats to lead from b irth , f i r s t  ind irectly  through the mother's m ilk, then 
directly  through the d iet containing 0, 0 .5 , 1.0 or 2.0% lead acetate.
The lead-exposed rats of albino Wistar strain exhibited, by 5 weeks 
of age, various symptoms of lead intoxication ranging from mild growth 
retardation to total paralysis of the hind part of the body. In teresting ly, 
the lead-exposed Hooded suckling rats showed no i l l  effects other than 
a retardation in growth.
Measurement of the food intakes of the lactating mothers and of 
the young rats a fte r weaning indicated that the retarded growth of the 
young rats was more of a nutritional effect than a toxic lead e ffec t.
This view was further supported by the findings that the food intakes 
of the Hooded animals were less affected by the lead in the d ie t, and
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consequently the Hooded suckling rats exposed to lead showed less 
retarded growth. However, pair-feeding experiment in Wistar rats 
showed that the growth retardation of the young rats exposed to lead was 
partly due to the reduced food intake and partly due to lead. 
Lead-intoxicated suckling rats showed increased kidney weights as compared 
to the control animals, which may have caused the growth depression in 
these animals. Other workers have demonstrated an association between 
increased kidney weight and increased aminoaciduria in lead-intoxicated 
ra ts .
'
Concentrations of lead in the blood and tissues of the young lead- 
intoxicated Wistar rats were considerably higher than in th e ir  mothers. 
However, by 7 weeks of age the blood, kidney and liv e r  lead concentrations 
in the young rats had fa llen  to levels observed in the mothers. The 
brain lead concentration remained, throughout the experimental period, 
considerably higher in the young animals.
I t  was concluded that the gastrointestinal absorption of lead is 
higher in the young animal. The less e ffic ie n t excretion of lead by 
the kidney, especially during the f i r s t  two weeks of l i f e ,  may also have 
contributed to the higher blood lead levels in the young rats.
The Hooded suckling rats had, a t 3 weeks of age, considerably lower 
blood and tissue (except liv e r) lead concentrations than the Wistar 
suckling rats of same age and exposed to equal amounts of lead. The 
effect of possible differences in the lead content of the maternal milk 
was eliminated by the cross-fostering experiment which showed that the 
strain of the lactating dam has no effect whatsoever on the blood and 
tissue lead concentrations in the suckling rats at 3 weeks of age.
I t  v;as suggested that differences in the blood and tissue lead
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concentrations between the 3-week-old Wistar and Hooded suckling rats 
may have been caused by a difference in the rate of the maturation of 
the gastrointestinal system in these animals. The faster development 
would cause an e a rlie r drop in the absorption of lead, and consequently 
a drop in the blood lead level.
Maturation of various physical characteristics and reflexes was 
used as an index of the rate of development of the suckling rats. I t  
was found that exposure to lead during suckling period did not a ffect 
the maturation of the physical characteristics and reflexes in the young 
Wistar and Hooded rats. However, the rate of development was sign ifican tly  
different in the two strains, most physical features and reflexes appeared 
fu lly  matured in the Hooded suckling rats 1-2 days e a rlie r  than in the 
Wistar suckling rats.
I t  was concluded that the faster rate of development in the Hooded 
rat may have resulted in a drop in the percentage of lead absorbed before 
the suckling rats started to supplement the mother's milk with the d iet 
fed to the mother (a t 16-18 days of age), whereas the absorption of lead 
remained high in the Wistar rat until weaning, resulting in high blood 
and tissue lead concentrations due to ingestion of solid d iet with high 
lead concentration.
To investigate the possible behavioural effects of a long-term lead 
exposure male Wistar rats were continuously exposed to lead (0.5% lead 
acetate in the d iet) from b irth , f i r s t  through mother's m ilk, then 
through the d iet for a period of 3, 6 , or 12 months. No observable i l l  
effects other than a s light reduction in the body weight were observed 
in the lead-exposed males at any of the ages studied. The olood and 
tissue lead concentrations remained constant for the f i r s t  6 months with 
a slight increase at 12 months. This increase was thought to be due to
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renal damage. The kidney weights were consistently increased in the 
lead-exposed animals. Furthermore, frank renal fa ilu re  has been 
observed in workers chronically exposed to lead.
Except for the s ligh t increase in the aggressive behaviour 
towards the end of the experimental period, and of the small but 
consistent increase in the exploration, the long-term exposure to lead 
did not affect s ignificantly  the social behaviour of the male ra ts . 
However, these results were minor and further studies are needed to 
validate or invalidate them.
The present study clearly demonstrated the importance of increased 
gastrointestinal absorption in enhancing the susceptib ility of the young 
to lead. However, further research is needed to confirm or deny the 
significance of these findings and the v a lid ity  o f the mechanisms 
proposed for the gastrointestinal absorption and of the uptake o f lead 
by the brain.
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Appendix. Table 1 Chemical composition of the powdered d iet
(Powdered Diet for Rodents, Lab. Diet 2, 
Spratt's Laboratory Services)
Chemical Composition
Moisture % &
Ether Extract % 4.5
Crude Protein % 21.5
Crude Fibre % 2.7
Total Digestible Nutrients % 78
Vitamin and Mineral Composition
Lysine % 1
Methionine % 0.39
Calcium % 0.9
Phosphorus 0.8
Vitamin A i.u ./k g  11000
Vitamin D, i.u ./k g  1200
Alphatocopherol i.u /kg  24
Vitamin Kg mg/kg 10
Riboflavin mg/kg 7
Pyridoxine mg/kg (_added) 1
Pantothenic Acid mg/kg 17
Nicotinic Acid mg/kg 80
Folic Acid mg/kg 0.2
Choline Chloride mg/kg (added) 450
Cyanocobalamin meg/kg 15
Manganese mg/kg 65
Iron mg/kg 100
Iodine mg/kg 0.5
Copper mg/kg 20
Zinc mg/kg 40
Cobalt mg/kg 1
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Appendix Table 2. The body, brain, kidney and liv e r  weights, and 
the concentrations of lead in the blood, brain, 
kidney and liv e r  of the one week-old Wistar 
suckling rats.
Body
weight
(9)
Blood Brain 
lead weight lead 
(yg/lOOml) (g) (yg/g)
Ki dney 
weight lead 
(9) (y9/9)
Liver 
weight lead 
(9) (P9/9)
A. Control
18 7 0.75 0.15 0.20 0.16 0.52 0.24
18 5 0.76 0.09 0.21 0.14 0.59 0.21
19 6 0.75 0.07 0.25 0.14 0.61 0.21
19 - 0.71 0.13 0.18 0,25 0.47 0.15
18 6 0.67 0.13 0.25 0.17 0.60 0.24
18 9 0.67 0.21 0.25 0.13 0.54 0.10
17 10 0.77 0.16 0.23 0.24 0.56 0.24
17 8 0,74 0.18 0.21 0.13 0.51 0.09
16 9 0.67 0.18 0.19 0.08 0.48 0.13
15 5 0.64 0.22 0.19 0.29 0.45 0.16
B. 0.5% lead acetate
14 126 0.69 0.51 0.18 1.92 0.35 3.58
14 129 0.72 0.53 0.16 2.01 0.40 2.56
16 53 0.70 0.32 0.17 1.48 0.42 2.06
15 56 0.70 0.33 0.30 1.87 0.39 2.18
16 52 0.74 0.30 0.21 1.57 0.41 2.11
16 .38 0.74 0.23 0.22 1.34 0.45 2.20
13 49 0.64 0.33 0.13 1.86 0.34 3.20
13 49 0.63 0.34 0.16 1.38 0.33 2.81
18 54 0.65 0.29 0.21 1.62 0.58 2.45
19 90 0.66 0.38 0.25 1.92 0.60 2.84
C. 2.0% lead acetate
10 144 0.58 0.86 0.10 3.99 0.27 5.49
9 104 0.62 0.75 0.13 1.69 0.29 5.79
14 - ' 0.66 0.59 0.16 4.30 0.37 5.90
13 176 0.69 0.58 0.16 5.63 0.31 5.94
13 180 0,71 0.55 0.17 3.39 0.32 5.63
13 140 0.71 0.64 0.17 4.24 0.32 6.48
11 184 0.60 0.47 0.12 2.13 0.30 5.20
12 188 0.62 0.45 0.13 2.95 0.24 4.73
9 224 0.61 0.53 0.15 2.20 0.30 4.73
8 256 0.55 0.56 0.12 2.50 0.23 3.70
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Appendix Table 3. The body, brain, kidney and liv e r  weights, and the 
concentrations of lead in the blood, brain, kidney, and 
liv e r  of the three-week-old Wistar suckling rats.
Body
weight
(g)
Blood
lead
(yg/100 ml)
Brain 
weight lead
(g) (yg/g)
Ki dney 
weight lead
(g) (yg/g)
Liver 
weight lead
(g) (yg/g)
A. Control
63 3 1.45 0.25 0.58 0.11 2.19 0.10
62 4 1.49 0.14 0.59 0.27 2.72 0.14
58 5 1.44 0.18 0.64 0.22 2.48 0.15
54 5 1.53 0.23 0.64 0.10 2.93 0.11
38 1 - - 0.37 0.23 1.51 0.41
47 1 1.45 0.11 0.48 0.18 2.06 0.35
46 1 1.55 0.03 0.48 0.18 2.08 0.32
53 1 1.43 0.09 0.48 0.19 2.11 0.34
56 1 1.62 0.05 0.49 0.21 2.30 0.19
50 1 1.48 - 0.44 0.19 2.10 0.13
49 1.48 0.10 0.44 0.16 1.93 0.22
54 1 1.56 0.05 0.52 0.14 1.92 0.23
56 1 1.54 0.03 0.56 0.12 2.17 0.12
58 1 1.50 - 0.56 0.13 2.30 0.11
B. 0.5% lead acetate
45 485 1.47 1.70 0.69 71.0 1.83 9.12
49 480 1.53 1.37 0.68 61.4 1.94 12.80
45 265 1.47 1.10 0.62 24.7 1.82 9.04
43 120 1.37 0.91 0.56 16.2 1.72 4.04
43 295 1.40 1.03 0.57 35.0 1.60 11.48
49 130 1.50 0.83 0.62 10.7 2.14 2.38
47 150 1.47 0.75 0.58 16.4 1.89 4.21
43 595 1.48 1.97 0.66 139.0 1.57 11.82
42 370 1.41 1.60 0.66 50.0 1.86 7.68
44 460 1.50 1.48 0.56 43.6 2.30 10.77
C. 1 ,0% lead acetate
39 864 1.41 1.63 0.52 49.5 1.71 7.83
40 408 1.45 1.51 0.58 40.0 1.62 10.15
41 513 1.39 1.99 0.69 69.3 1.84 9.68
45 558 1.51 1.99 0.67 78.8 1.63 11.41
52 441 1.41 2.83 0.78 32.0 2.75 3.22
47 1350 1.47 4.90 0.75 241.0 2.64 11.83
48 666 1.36 2.60 0.89 120.7 2.23 11.78
52 576 1.48 2.23 0.82 259.9 2.23 9.55
32 819 1.27 2.93 0.65 324.8 1.96 8.91
33 639 1.30 2.88 0.62 360.0 1.88 11.05
D. 2.0% lead acetate
34 650 1.25 2.24 0.47 100.1 1.46 9.62
34 520 1.32 3.09 0.51 79.0 1.49 10.07
32 540 1.30 2.28 0.40 29.4 1.27 10.68
35 225 1.38 1.53 0.46 20.9 1.57 4.78
32 700 1.20 2.57 0.57 71.2 1.58 6.91
33 640 1.26 2.80 0.56 91.6 1.50 17.22
32 1062 1.22 4.64 0.53 342.9 1.63 18.07
35 1323 1.45 4.20 0.57 329.2 1.68 14.02
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and l i v e r  o f the five-week-old Wistar r a ts .
5 "  « .  - i f a ,  « .(9)
123 
120 
140 
140 
109 
128
143 
134 
122 
120 
133
144
I  1  i s  i : I  i |
138 
142 
132
137 9
 — 7C Control
10 1.69 0.33 1.08
6 1 .54 0.46 1 .10
6 1 .75 0 .44 1.18
8 1.66 0.51 1.17
1.50 -  0.98
1 .37 0.24 1 .03
1.52 0.19 1.30
1.43 0.23 1.07
1 .33 0.16 1.11
1.41 0.15 0.99
1.40 0.17 1 .20
1 .59 0.17 1.25
21 1 .72 0.11 1.21
15 1.85 0.07 1.23
14 1.91 0.08 1.22
5 1.82 0 .08 1.20
1.79 0.09 1.19
B. 0.5% lead acetate
1.42 0.83 0.97
1.41 2.12 0.95
1.45 1.20 1.06
1.40 1.66 1.08
1.35 0.91 1.18
1.48 1.05 1.02
1.52 1.59 1.25
1.57 0.90 1.41
1.30 1.37 1.36
1.33 1.08 1.03
1.48 0.95 1.33
1.60 1.63 1.19
1.37 1.06 0.93
1.43 1.11 1.27
1.41 1.14 1.16
1.49 1.21 1.12
C. 1.0% lead acetate
1.33 2.48 1.00
1.51 1.90 0.87
1.43 1.61 1.03
1.41 2.32 1.09
1.41 2.36 1.25
1.47 2.54 1.27
1.58 3.05 1.29
1.47 3.04 1.27
1.46 3.0d 1.07
1.47 3.17 1.07
2.0% lead acetate
1.29 5.43 0.75
1.40 3.71 0.87
1.43 3.15 0.89
1.41 3.14 0.95
1.27 3.85 0.74
1.42 3.81 0.90
1.38 3.51 0.99
1.38 5.16 0.92
1.42 3.40 0.79
1.54 4.30 0.85
1.73 4.13 1.07
1.43 5.24 0.93
101 255
94 246
122 369
113 399
113
104 324
122 369
136
122 354
104 240
142 340
123 300
92 216
108 303
127 147
107 . 216
90 530
96 180
96 395
110 410
115 310
112 405
118 360
113 475
100 495
110 475
D. _______
74 880 1.29 5.43 0.75 23.9 3.44 9 .20
79 660  .40 3.71 0.87 15.6 3.74 7 .20
• 75 1060  .43 3.15 0.89 60.8  3.33 17.44
90 1125 1.41 3.14 0.95 19.6 3.91 13.52
75 1385 1.27 3.85 0.74 33.0  3.36 17.32
78 1425  .42 3.81 0.90 51.6 3 .40  15.62
82 1370 1.38 3.51 0.99 38.6 3.52 15.79
79 1550 1.38 5.16 0.92 71.7 3.21 20.60
58 970 1.42 .4  0.79 11.2 2.64 8.16
63 1090 .    25.6 2 .94 11 .63
84 1020  .73 .  1 .07 15.6 3.53 14.20
73 1470  .43 5.24 0.93 14.3 3.45 12.68
5.53 0.39
5.07 0.25
1.70 5 .18  . 0.27
1.80 5.80 0.39
4.94 0.39
5.41 0.25
5.98 0.27
).70 5.90 0.39
6.48 0.26
3.81 6.04 0.26
3.78 6.64 0.23
3.84 7.00 0.23
- 5.59 -
• 6.88 -
- 5.72 -
4 .96 -
6.87 -
- 7.23 -
- 6.38 -
- 6.49
14.9 4.15 8.46
4.16 5.12
5.16 4.83
14.7 5.75 3.64
16.3 5.62 4.91
4.66 6.06
9 .8 5.08 4.86
6..82 3.53
19.6 5.34 6.57
16.0 4 .48 3.53
15.2 6.43 4.69
13.4 5.46 3.68
15.5 4.13 3.92
15.2 5.57 6.56
16.1 6 .38 4.20
16.1 5.02 4.32
19.7 3.86 9.40
17.2 4.13 4.46
17.9 4.37 9.70
21.5 4.31 11.50
. 18.6 5.44 5.54
15.2 5.15 5.39
16.2 5.33 6.99
15.2 5.10 6.94
4.91 5.17
16.6 5.34 5.23
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Appendix Table 5. The body, brain, kidney and liv e r  weights and the 
concentrations of lead in the blood, kidney, and 
liv e r  of the seven-week-old Wistar rats.
Body
weight
(g)
Blood
lead
(yg/100 ml)
Brain 
weight lead
(g) (yg/g)
Kidney 
weight lead
(g) (yg/g)
Li ver 
weight lead
(g) (yg/g)
A. Control
183 16 1.69 0.38 1.58 - 8.33 0.72
179 10 1.73 0.42 1.31 - 8.03 0.73
232 8 1.68 0.27 1.63 - 10.07 0.65
236 8 1.69 0.30 1.58 - 10.38 ■ — ■
242 10 1.90 0.13 1.88 0.31 9.95 0.14
208 9 1.94 0.09 1.63 0.23 7.92 0.15
210 8 1.81 0.10 1.63 0.30 9.20 0.11
166 11 1.29 0.10 1.32 0.18 7.82 0.18
172 11 1.89 0.10 1.46 0.16 8.82 0.19
154 8 1.80 0.10 1.23 0.31 7.06 0.15
192 8 1.90 0.17 1.30 0.16 8.04 0.13
156 11 1.80 - 1.18 0.26 6.37 0.20
B. 0.5% lead acetate
196 78 1.88 1.20 1.60 12.6 9.79 2.63
208 61 1.77 0.82 1.74 8.9 10.60 1.99
192 141 1.78 1.56 1.57 8.8 8.73 2.89
158 61 1.74 1.02 1.41 14.1 8.04 2.08
122 94 1.72 1.38 1.13 13.1 5.32 2.06
121 142 1.72 1.48 1.31 18.4 5.85 3.02
80 1.02 9.1 2.46
119 1.66 15.5 2.12
87 0.87 17.6 2.32
76 1.16 14.9 2.03
C. 1. 0% lead aceate
138 170 1.60 1.43 1.26 17.4 6.68 3.20
141 150 1.56 2.22 1.36 13.9 7.00 3.93
187 270 1.74 2.59 1.76 16.2 10.29 4.58
216 85 1.86 2.09 1.83 11.4 11.63 2.54
148 108 1.57 2.87 1.43 18.4 6.58 7.81
165 78 1.66 2.57 1.50 15.1 7.81 3.26
179 70 1.55 2.25 1.22 20.3 9.60 4.63
182 134 1.63 1.98 1.68 18.0 8.79 8.36
148 186 1.64 2.69 1.62 22.5 6.75 7.95
227 88 1.81 1.64 1.75 13.3 10.78 4.22
D. 2. 0% lead acetate
137 330 1.47 2.78 1.15 _ 6.38 6.29
145 360 1.48 2.38 1.27 15.9 6.40 6.61
144 415 1.64 3.30 1.49 17.2 7.91 5.03
162 240 1.53 2.50 1.23 13.3 8.52 5.76
122 296 1.43 3.23 1.29 38.3 5.73 8.70
138 184 1.48 2.65 1.24 34.3 6.93 6.40
158 296 1.46 2.51 1.55 19.5 7.75 7.11
136 260 1.44 4.71 1.14 43.9 7.00 7.74
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Appendix Table 6. The body, kidney and liv e r  weights and the 
concentrations oflead in the blood, brain, 
kidney, and liv e r  of the one week-old Hooded 
suckling rats.
Body
weight
(g)
Blood
lead
(yg/100 ml)
Brain 
weight lead
(g) (yg/g)
Kidney 
weight lead
(g) (yg/g)
Liver 
weight lead
(g) (yg/g)
A. 1Control
15 7 0.65 - 0.19 - 0.46 -
14 8 0.63 — 0.19 - 0.49 -
13 8 0.68 - 0.16 - 0.37 -
14 7 0.67 - 0.21 - 0.49 -
17 7 0.67 - 0.24 - 0.51 -
15 8 0.70 - 0.19 - 0.48 -
16 8 0.71 - 0.22 - 0.49 -
15 7 0.74 - 0.22 - 0.50 -
12 7 0.58 - 0.15 - 0.38 -
12 6 0.61 - 0.18 - 0.39 -
B. 0.5% lead acetate
13 64 0.62 - 0.18 2.44 0.36 2.94
13 74 0.60 0.38 0.21 2.29 0.43 4.10
13 56 0.61 0.23 0.18 1.83 0.38 3.31
12 68 0.59 0.24 0.18 1.89 0.38 2.33
15 65 0.64 0.20 0.23 1.48 0.48 3.47
14 61 0.63 0.19 0.22 2.00 0.44 3.23
14 72 0.66 0.23 0.21 1.90 0.40 3.49
12 55 0.69 0.20 0.19 2.21 0.35 4.11
12 52 0.58 0.24 0.18 2.33 0.38 8.42
10 50 0.54 0.24 0.16 2.00 0.36 4.25
C. 2.0% lead acetate
13 84 0.70 0.31 0.21 2.62 0.37 6.56
12 68 0.64 0.28 0.20 2.10 0.34 5.68
14 72 0.66 0.35 0.19 2.58 0.40 4.72
14 64 0.68 0.26 0.21 3.33 0.40 4.90
13 72 0.59 0.25 0.16 3.63 0.38 5.29
12 68 0.58 0.21 0.20 2.75 0.43 4.30
12 60 0.72 0.19 0.20 2.65 0.33 3.20
13 68 0.69 0.17 0.22 2.50 0.36 3.69
14 92 0.65 0.25 0.21 2.14 0.44 3.46
14 72 0.62 0.19 0.25 2.08 0.49 3.76
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Appendix Table 7. The body, brain, kidney and liv e r  weights and 
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the three-week-old Hooded 
suckling rats.
Body
weight
(g)
Blood Brain 
lead weight lead 
(vig/lOOm l) (g) (vig/g)
Kidney 
weight lead
(g) (yg/g)
Liver 
weight lead
(9) (yg/g)
A. Control
42 - 1.24 0.12 0.41 - 1.75
40 - 1.24 - 0.53 0.59 1.88 0.58
40 - 1.20 0.13 0.59 0.66 1.95 -
40 12 1.21 0.18 0.49 0.56 1.66 -
43 12 1.33 0.17 0.50 - 1.89 0.58
44 n 1.24 0.20 0.53 0.59 1.74 -
49 14 1.37 0.18 0.62 0.68 2.19 -
B. 1 .0% lead acetate
35 90 1.07 1.29 0.53 26.8 1.45 16.18
37 - 0:96 1.49 0.49 10.6 1.53 7.30
37 - 0.89 1.68 0.63 61.0 1.48 11.17
39 - 1.01 1.39 0.61 28.2 1.52 12.78
37 112 1.20 0.90 0.54 10.4 1.61 4.80
40 108 1.30 0.95 0.60 9.4 1.80 7.59
36 140 1.18 0.95 0.55 7.1 1.76 7.76
39 136 1.24 0.90 0.47 7.3 1.69 4.43
C. 2 .0% lead acetate
36 280 0.96 2.30 0.55 41.5 1.41 11.63
38 272 1.06 2.24 0.58 38.9 1.49 10.53
41 280 1.17 1.82 0.54 - 1.69 5.79
34 444 1.05 2.53 0.55 32.1 1.43 9.56
34 296 1.02 2.30 0.50 29.8 1.46 10.90
32 190 1.14 1.93 0.48 11.9 1.29 10.35
32 345 1.21 1.97 0.51 11.3 1.29 11.03
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Appendix Table 8. The body, brain, kidney and liv e r  weights and 
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the five-week-old Hooded 
rats.
Body
weight
tg)
Blood Brain 
lead weight lead 
(yg/100 ml) (g) (yg/g)
Kidney 
weight lead
(g) (yg/g)
Liver 
weight lead
(g) (yg/g)
A. Control
77 - 0.75 3.08 0.78
83 - 1.21 0.22 0.84 0.44 3.22 0.48
80 - 1.12 0.11 0.76 0.64 3.57 0.54
99 - 1.13 0.19 0.85 - 4.53 0.75
74 14 1.31 0.11 0.68 0.46 3.67 ■ -
102 14 1.49 0.07 0.90 0.34 4.95 0.34
86 19 1.40 0.11 0.84 0.42 3.98 -
102 12 1.40 0.15 0.91 - 4.87 0.63
B. 1 .0% lead acetate
67 316 1.26 1.95 0.80 18.9 3.01 6.13
80 200 1.36 1.52 0.90 13.2 3.99 7.13
75 280 1.28 2.00 0.81 14.7 3.36 7.17
86 - 1.33 2.26 0.95 20.7 3.95 10.12
72 - 1.31 1.98 0.84 18.8 3.79 7.37
84 480 1.32 1.70 0.92 21.1 4.00 8.97
76 588 1.28 2.37 0.90 18.7 3 .66 9.43
88 504 1.38 2.40 1.00 12.0 4.11 8.20
C. 2 ,0% lead acetate
62 — 0.73 18.0 2.63 8.84
69 555 1.24 3.60 0.83 15.9 3.11 10.68
67 930 - - 0.77 45.2 2.74 11.61
70 - 1.22 2.77 0.78 33.0 3.07 17.56
64 - 1.26 3.20 0.81 40.7 2.83 10.68
— - 1.26 3.24 0.81 53.3 2.90 11.25
62 525 1.24 3.10 0.79 15.2 3.31 8.57
63 660 1.27 2.72 0.80 15.8 2.73 19.11
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Appendix Table 9. The body, brain, kidney, and liv e r  weights
and the concentrations of lead in the blood, 
brain, kidney, and liv e r  of the seven-week-old 
Hooded rats.
Body
weight
(g)
Blood Brain 
lead weight lead 
(yg/100 ml) (g) (yg/g)
Ki dney 
weight lead
(g) (pg/g)
Liver 
weight lead
(g) (yg/g)
A. Control
123 8 1.39 0.10 0.98 5.63 -
157 8 1.30 ’ - 1.10 0.44 7.17 0.83
135 24 - •“  ■ 1.02 0.64 7.18 0.73
174 11 1.34 0.19 1.51 - 8.14 0.57
118 10 1.52 0.19 0.98 0.46 5.91 0.67
166 7 1.62 0.11 1.33 0.34 7.88 0.68
124 8 1.53 0.13 1.08 0.42 5.98 0.63
176 8 1.61 0.12 - - 8.65 0.81
B. 1.0% lead acetate
102 207 1.34 2.02 1.13 21.7 5.29 6.77
124 385 1.35 2.17 1.28 12.4 6.18 8.98
103 186 - - 1.09 18.1 5.13 8.28
134 150 1.46 1.47 1.31 13.9 6.29 10.01
102 318 1.42 2.01 1.16 - 5.27 8.62
126 408 1.49 1.77 1.28 21.9 6.97 5.17
115 318 1.43 - 1.26 20.6 6.36 8.36
146 414 1.51 2.83 1.47 20.1 6.67
C. 2.0% lead acetate
86 1.30 4.08 1.01 64.0 3.92 13.93
112 - 1.29 3.32 1.15 16.7 5.10 12.31
89 432 1.31 2.97 0.99 40.9 4.02 9.30
115 510 1.35 3.44 1.12 48.2 5.48 11.05
84 640 1.34 3.51 1.00 41.3 4.33 9.93
102 310 1.35 3.56 1.03 22.8 5.56 10.15
92 400 1.33 2.97 0.99 16.0 4.69 8.46
101 1.37 2.60 1.04 11.5 4.87 8.61
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Appendix Table 10. The body, brain, kidney, and liv e r  weights and 
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the two-week-old Wistar 
suckling rats .(R ef1ex-study)
Body 
wei ght
Cg)
Blood
lead
(yg/100 ml)
Brain 
weight lead
(g) (yg/g)
Ki dney 
weight lead
(g) (yg/g)
Liver 
weight lead
(g) (yg/g)
A. Control
41 11 1.31 0.05 0.43 0.15 1.22 0.08
41 7 1.36 0.05 0.41 0.11 1.26 0.06
42 7 1.33 0.05 0.43 0.06 1.27 0.04
41 8 1.35 0.03 0.44 0.09 1.28 0.04
39 8 1.29 0.05 0.38 0.09 1.16 0.06
40 8 1.23 0.03 0.43 0.10 1.32 0.06
40 8 1.35 0.03 0.41 0.10 1.18 0.04
36 7 1.27 0.03 0.41 0.11 1.23 0.04
35 7 1.23 0.09 0.34 0.06 1.09 0.06
37 8 1.22 0.05 0.38 0.11 1.19 0.06
B. 0.5% lead acetate
24 100 1.18 0.43 0.27 1.78 0.62 4.08
31 48 1.22 0.24 0.36 2.67 1.02 2.08
37 42 1.32 0.29 0.45 2.70 1.16 2.24
33 44 1.21 0.23 0.40 2.18 1.15 2.13
32 53 1.31 0.24 0.36 2.49 0.94 2.24
32 47 1.26 0.20 0.43 2.46 1.00 1.89
32 57 1.28 0.24 0.32 3.50 0.97 2.31
30 49 1.15 0.24 0.34 3.13 0.94 2.09
41 44 1.25 0.19 0.47 3.57 1.35 2.08
41 40 1.29 0.24 0.50 3.50 1.30 1.95
C., 2 .0% lead acetate
21 192 1.11 0.41 0.23 4.18 0.54 5.21
16 276 0.94 0.41 0.21 6.10 0.45 9.04
29 220 1.24 0.71 0.34 5.81 0.88 5.23
28 168 1.23 0.96 0.34 7.82 0.84 5.93
27 244 1.25 0.69 0.31 4.58 0.79 6.25
26 252 1.19 0.69 0.34 5.19 0.79 6.46
20 124 1.14 0.43 0.24 4.30 0.64 4.75
21 140 1.12 0.52 0.28 4.09 0.63 5.14
20 152 1.15 0.67 0.25 4.64 0.57 5.61
20 192 1.07 0.48 0.26 5.17 0.62 4.26
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Appendix Table 11. The body, brain, kidney, and liv e r  weights and 
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the three-week-old Wistar 
suckling rats. ( Reflex-study)
Body
weight
(g)
Blood
lead
(yg/100 ml)
Brain 
weight lead
(g) (yg/g)
Kidney 
weight lead
(g) (yg/g)
Liver 
weight lead
(9) (yg/g)
A. Control
62 10 1.65 0.08 0.58 0.12 2.45 0.10
60 15 1.54 0.04 0.59 - 2.68 0.19
67 7 1.67 0.04 0.65 0.28 2.77 0.04
61 11 1.54 0.04 0.63 0.23 2.50 0.04
66 7 1.63 0.02 0.73 0.14 2.71 0.04
61 12 1.53 0.06 0.67 0.20 2.42 0.04
59 9 1.55 0.04 0.64 0.11 2.37 0.02
58 7 1.54 0.06 0.65 0.18 2.23 0.06
53 13 1.48 0.06 0.53 0.32 1.98 0.04
54 5 1.50 0.02 0.59 0.15 1.92 0.04
B. 0.5% lead acetate
51 930 1.48 1.23 0.90 49.4 2.16 12.88
50 570 1.42 1.43 0.84 21.0 2.17 8.49
48 534 1.47 0.88 0.68 51.5 1.73 10.30
51 516 1.50 0.82 0.89 38.2 1.79 8.66
52 282 1.52 0.82 0.79 8.1 2.55 5.60
50 288 . - 0.81 0.76 7.7 2.42 3.51
46 420 1.58 0.92 0.68 29.4 1.78 19.17
47 564 1.43 0.69 0.69 16.7 1.91 11.52
43 684 1.41 1.22 0.68 72.1 1.79 24.98
52 606 1.50 1.07 0.81 41.4 2.30 12.39
C. 2 .0% lead acetate
34 830 1.34 1.52 0.54 104.7 1.51 19.97
35 720 1.33 1.58 0.62 94.8 1.54 19.62
46 750 - 1.66 0.75 76.0 1.86 20.91
42 690 1.49 2.15 0.78 97.0 2.03 15.00
39 660 1.51 2.11 0.68 117.4 1.89 19.05
36 860 1.38 2.31 0.64 109.1 2.04 19.12
34 710 1.43 1.30 0.53 41.0 1.55 25.01
34 730 1.40 1.46 0.56 77.5 1.52 16.42
33 660 1.36 1.61 0.51 70.1 1.45 18.46
35 530 1.38 1.65 0.52 35.0 1.45 14.14
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Appendix Table 12. The body, brain, kidney, and liv e r  weights and 
the concentrations of lead in  the blood, brain, 
kidney, and liv e r  of the two-week-old Hooded 
suckling rats. (Reflex-study)
Body
weight
(g)
Blood
lead
(yg/100 ml)
Brai n 
weight lead 
(g) (v>g/9)
Kidney 
weight lead
(g) (yg/g)
Li ver 
weight lead
(g) (yg/g)
31 8
A. Control 
1.22 0.40 1.02
28 9 1.13 - 0.38 - 0.91 -
29 8 1.15 - 0.38 - 0.96 -
27 7 1.12 - 0.37 - 0.89 -
27 7 1.05 - 0.36 - 0.90 -
32 9 1.15 - 0.44 - 1.03 -
32 11 1.28 - 0.43 ■ - 1.16
32 9 1.17 - 0.41 - 1.11 -
32 8 1.14 - 0.44 - 1.10 -
28 10 1.08 - 0.40 - 0.93 —
28 78
B. 0.5% lead 
1.14 0.34
acetate
0.38 4.27 0.87 3.63
26 80 1.08 0.54 0.37 5.83 0.86 3.34
29 63 1.08 0.49 0.42 5.13 0.91 3.43
29 72 1.12 0.41 0.44 4.48 0.92 3.27
32 70 1.11 0.45 0.44 5.28 0.99 4;16
28 91 1.10 0.57 0.42 5.08 0.91 3.84
27 104 1.18 0.54 0.36 2.69 0.84 5.34
26 106 1.11 0.54 0.35 5.07 0.86 4.72
28 60 1.15 0.44 0.39 3.97 0.86 3.34
25 44 1.02 0.37 0.36 3.54 0.77 4.58
25 50
C. 2.0% lead 
1.12 0.51
acetate
0.34 6.21 0.75 5.12
26 80 1.10 0.47 0.38 7.16 0.92 4.72
28 67 1.09 0.44 0.39 6.01 0.90 4.47
27 87 1.07 0.47 0.38 6.17 0.93 5.61
27 83 1.07 0.51 0.34 4.47 0.79 6.00
23 76 0.97 0.45 0.30 3.82 0.73 6.45
26 109 1.14 0.60 0.34 5.12 0.82 5.43
20 96 1.05 0.59 0.29 5.85 0.73 5.10
28 83 1.08 0.54 0.38 4.52 0.91 4.86
29 94 1.07 0.49 0.42 5.18 0.97 3.52
-  190 -
Appendix Table 13. The body, brain, kidney, and liv e r  weights and 
the concentrations of lead in the blood, brain, 
kidney and liv e r  o f the three-week-old Hooded 
suckling rats . (Reflex-study)
Body
weight
(g)
Blood
lead
(yg/100 ml)
Brain 
weight lead
(g) (yg/g)
Kidney 
weight lead
(g) (y g /M  .
Liver 
weight lead
(g) (_y_g/g) _
45 4
A.
1.32
Control
0.59 1.99
39 3 1.25 - 0.48 - 1.70 -
42 5 1.40 - 0.52 — 1.84 -
44 4 1.35 - 0.57 - 1.91 -
50 6 1.34 - 0.62 - 2.23 -
45 1 1.36 - 0.54 - 1.96 -
53 4 1.46 - 0.61 - 2.46 -
47 5 1.36 - 0.57 - 2.42 -
47 5 1.37 - 0.54 - 2.15 -
45 6 1.31 - 0.55 — 2.03
39 48
B.
1.38
, 0.5% 
0.84
lead acetate 
0.58 13.0 1.78 3.51
35 165 1.29 1.47 0.57 20.4 1.59 7.70
43 99 1.37 1.18 0.66 18.6 1.88 5.62
40 159 1.32 1.37 0.70 27.0 1.60 8.61
45 105 1.32 1.50 0.70 19.1 2.00 5.76
42 87 1.29 1.32 0.67 16.2 1.96 3.85
38 192 1.26 1.79 0.60 21.1 1.79 5.77
32 237 1.16 1.63 0.57 20.7 1.53 6.11
37 132 1.35 1.28 0.62 16.1 1.77 4.90
37 69 1.26 1.40 0.58 12.9 1.74 2.90
37 130
C,
1.34
, 2.0% lead acetate 
1 .29 0.59 21 .6 1.56 6.43.
34 135 1.26 1.19 0.54 18.9 1.48 6.39
41 190 1.26 1.75 0.66 18.1 1.67 8.22
37 255 1.26 1.67 0.63 21 .3 1.41 13.20
37 105 1.35 1.17 0.59 14.5 1.44 7.13
38 150 1.29 1.76 0.60 25.7 1.33 10.60
32 260 1.32 2.10 0.54 44.3 1.60 6.77
29 255 1.24 1.98 0.49 38.6 1.44 5.55
36 295 1.30 1.41 0.57 27.0 1.62 6.85
38 335 1.27 1.59 0.71 25.0 1.42 13.77
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Appendix Table 16. The body, brain, kidney and liv e r  weights, and 
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the three-month-old male 
Wistar rats .
Body
weight
tg)
Blood
lead
(yg/100 ml)
Brai n 
weight lead 
(9) (yg/9)
Kidney 
weight lead 
(9) (yg/g)
Liver 
weight lead
(g) (yg/g)
A. Control
355 13 1.94 0.29 2.24 0.34 12.66 -
437 10 2.30 0.17 2.75 0.28 17.88 0.37
446 12 2.19 0.14 2.76 0.20 16.83 0.43
437 11 2.25 0.10 2.52 0.21 15.71 0.50
407 9 2.16 0.14 2.30 0.19 15.02 0.29
359 8 2.01 0.17 2.19 0.22 13.10 0.31
439 9 2.00 0.12 2.68 0.24 15.55 0.34
430 9 1.98 0.11 2.47 0.19 14.99 0.29
305 8 1.98 0.18 2.39 0.19 13.75 0.26
376 n 2.02 0.15 2.61 0.18 13.58 0.48
B. 0.5% lead acetate
367 65 1.89 1.08 2.20 15.2 14.14 2.90
416 87 1.99 1.75 2.72 14.3 17.70 3.09
321 77 1.87 1.39 2.13 15.1 11.91 3.34
372 73 1.95 1.09 2.21 12.8 12.65 2.73
334 69 1.84 1.16 2.16 14.4 12.95 2.91
338 57 1.98 1.04 2.35 13.3 12.18 2.56
416 89 2.06 1.16 3.04 12.0 17.18 2.67
326 80 1.92 1.50 2.32 12.9 12.71 2.93
346 72 1.92 1.10 2.74 14.0 14.52 2.20
350 89 1.92 1.07 2.60 12.1 13.22 3.29
-  194 -
Appendix Table 17. The body, brain, kidney, and liv e r  weights and
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the six-month-old male 
Wistar rats.
Body
weight
(g )
Blood
lead
(pg/100 ml)
Brain 
weight lead
(g ) (yg /g )
Kidney 
weight lead
(g ) (y g /g )
Liver 
weight lead
(g ) (y g /g )
A. Control
455 13 2.09 - 2.59 0.28 18.49 -
575 21 2.34 - 3.13 0.39 21.97 -
552 13 2.07 - 2 .67 0.29 20.39 -
540 18 2.26 - 2.60 0.30 20.03 0.19
521 15 2.32 - 2.88 0.35 20.01 0.17
452 14 2.32 - 2.42 - 17.01 0.20
475 14 2.21 - 2.59 0.24 19.75 0.21
460 16 2.24 - 2.49 0.26 16.39 0.25
B. 0.5% lead acetate
484 97 2.14 1.35 3.53 14.8 20.27 2.19
473 83 2.00 1.29 2.71 18.8 19.53 1.98
442 74 2.08 0.96 2.53 16.9 19.67 1.68
463 86 1.99 1.43 3.00 18.6 19.76 2.62
457 81 2.12 0.96 2 .99 22.3 19.08 2.26
530 64 2.13 0.98 3.24 22.8 22.20 1.68
456 64 2.02 0.82 2.75 17.8 19.85 1.63
478 74 2.04 3.02 19.4 17.90 1.88
-  195 -
Appendix Table 18. The body, brain, kidney, and liv e r  weights and 
the concentrations of lead in the blood, brain, 
kidney, and liv e r  of the twelve-month-old male 
Wistar rats .
Body
weight
(9)
Blood
lead
(pg/100 ml)
Brain 
weight lead
(g) (yg/g)
Kidney 
weight lead
(g) (yg/g)
Liver 
weight lead
(g) (yg/g)
A. Control
659 11 2.34 3.64 ' - 19.35 0.42
618 20 2.37 0.19 3.00 0.24 18.10 0.42
643 13 2.17 - 3.68 - 20.35 0.45
665 16 2.32 0.17 3.16 - 18.97 0.55
715 13 2.24 0.18 4.06 0.36 22.74 0.56
632 14 2.25 0.14 3.22 0.30 18.00 0.27
B. 0.5% lead acetate
604 114 2.25 2.14 4.25 41.4 21.21 4.83
571 110 2.04 1.77 4.50 44.4 20.45 3.37
598 110 2.05 2.04 5.65 41.5 19.45 3.78
620 120 2.11 2.24 6.13 35.6 21.00 4.58
648 84 2.15 1.33 3.40 23.4 17.90 4.79
633 72 2.14 1.30 3.65 42.1 21.65 4.33
550 112 2.11 1.28 3.15 37.2 16.06 5.37
548 114 2.20 1.19 3.63 30.9 19.91 2.78
558 88 2.10 1.14 4.05 33.8 16.75 6.13
492 118 2.09 1.64 3.44 36.7 14.15 5.50
526 86 3.35 27.6 16.50 4.98
<ü
sz
4J
4 -
0
XJ
3
4-i
to
i .
3
0
>
<0
JT
eu
jQ
t/J
n3 + )
rd
0 S-
0
1A i -
fO
(U +J
JC t/J
4->
sC
(U
XJ (d
eu E
>
s- XJ
cu
i / i 0
LO 1
0 SZ
4->
C
0
c E
(U 1
E eu
(U eu
S-
O) sz
4-J
ra
3
XJ
>
XJ
c
4 -
0
(U
0
c
<u
s-
s-
3
0
0
0
<T»
(U
fO
XJ
c
K
o.
4J
D>
C
O
(/)
tA
z
en
<
LGTOi
apis 'jao  
uoLSSLUiqns 
L|DnOUD* 13 
qonojo
apeA]
6UL%3L%
ie;o i
apis "jJO 
qeauiii 
aseqg 
a;ig  
uioouB* Ji66\/ 
sun%sod'u66v
(O
3
X
(U
co
(O
5
o
to
ta
o
o
to
L
o
IB ÏO I
*u6*doo*qsod
qunow
qunoiu
molloj
i^ .iu s
19:01
asoN
a:e6 i:saAUi
MDBOuddv
p u a ::v
lb: o i
uioouB-iLas
aAeai
auoLdx3
(•oas) ami: 
6u.u01.dx3
Ocj-<!d-torocxDLncvjLncM
C3«d-<j-^ooro(y*r—if)C3
O C 4 O Cv J« ; fO r0 O O O  
" «!
O r—O O O O O O l —o
o r ^ o t n o c N J O r — 0 0  
0 0 0 0 0 0 0 0 0 0  
o o o « 3 - r - f —roorocM
O O O r —OCNJOOtOO
o r ^ o j r ' . v û i — ^  o  o
CM OJ «ch CM
c M O ro i— o o u n c n c M O  
•cfi— roooi— or^ootoo
I— r—
O r - C O C M O O O O r —O 
OOCDr—O O O C M O O  
O O O C O O O O loCOO 
roLO«ïfr^ix)r—o o o c m o
o  oocr>LnoocncMOO
4->----------------------------------------------------
C
O
o  ir> to o  co «ch h  ^en «ch CM
co r— «d- CM r— CM r—
C O O « c h O O O O O O O
r o o « c h o o o o o o o
COOCMVOCMOCM«chOO 
r— CM CM
cr>*chcooooocM«^ C30f»>i
r » . C O C O t O C O C M i —  h>.r— I
to 0 0  er> 0
co
CMCOcMr^  
. eo
f— CO 1 0 CM 0 0 0
CM
0  0 0  0 co0 0 «d- o«ch
0  0 0  CM0 1 0 0 0 0 0
CM 0 1 0  0 CMCM0 0 0 0
CM «d- 1— ' «cheo0 0 0 O r —
0  0 CfJ.CMCMco0 0 CM CM
•—  0 0  0 0 LO 0 «ch 0 0
CO eo
co r—
0  co 1 0 «d- to  eo coco
r — CM
0)
4->
s
*0
•a
(O
0)
g
o
CQ
r— f—  o  CM LO «Cf- Lf) r— O O
I
f— O O C M O O C M O  Or—
r—
0 0 0 0 0 0 0 0  0 0
«Ch r -  O O O  O r— O  0 0  
O O O O O C M r —O 0 0  
CO O  O  ^  CT> tO LO COr— 
«ch r— O  O  f— CM CM O  O r—
OCOCMCMO«d"OCO «j-CM 
«d" CM CM I— CO r—
0 0 0 0 0 0 0 0  0 0  
0 0 0 0 0 0 0 0  0 0
CT>CMOOOCMO«— 0 0
LO«chi—CXDOCMOtO «d-CM 
r— r— r— CM
t o r > « . i— « c h c M O c T > r ^  0 0
co cr> to CM CM co eo to 0
eo CM «d- eo CM CM
0 0 0 0 0 0 0 0 0 0
eo 0 CM CO 0 CM co C M r^
s h «d- CM LO r— eo CM
co 0 0 0 0 0 0 0 0 0
1 0 «d- co eo CM e n to co LO CM 0  CM CO LO eo «d"io
CM r— *“ CM CM co CM
to CM CM to to eo eo eo LO CO r> . LO e^ LO eocM
CM co to CM «ch CM «d- CM 0 0 r— to r— CM 0 0  CM 0 0 0
«d" CO LO CO r— r~s to eo r " . en 1 0 00 LO CM 1 0 n^ coeoCO CM CM ' CM CM CM CO CM r— co
CM en CM «d"0 C". co «d" co0 f " . CMn*-.
CM f—  0  0 0 0 0  0 0 0 0 0 0 0 0 0 0
0 co co enr— 0 CO «d- «d* co 0 eoh>. «d- «d" LO COCMCM CM r— ' CM CM r— CM CM CM r— CM
«d- CO to r— LO en LO LO «d* LO «d* «d- eoCM CMcoeo CM rs. «d- •seh en 0 0 «d- «d-to «d* en 1—  LO
CM CM «d" «cr CM coco «d- CO «d- LO co«d* cococoL O ,^
eu
s z
4->
4 -
o
>>x>3
+J
(A
S-
3
O
>CO
SZ
eu
XJ
,—
co
tAO 4->
O CO
(A S-
eu S-
sz cO
4-> 4 ->
<A
c
•r— 3
XJ eu(U
> co
L. E
euM XJ
sz
o O
(A sz
4->
c C
eu o
E E
eu 1X
eu • r -
tA
co
3XJ
• r -
>
XJ
C•r-
4 -
O
eu
o
c
OJ
s-
S-
3
U
o
o •
<U
■S
XJ
c
(UCLCL<
4->
SZ
Oî
C
o
(/)
(A
eu
b.
S
(O
3
X
OJ
to
co
•r-
O
O
to
CO
«r—
O
0  
to
1
C
O
19:01 
apis "13Q
uoLSSLiuqns 
ijonouD *L3 
qonojio 
:9su:a% 
apBA3 
6uLpi>i
19:01
%09::v
apis "110
:9auqi 
aseqg 
0 : 1 8  
UI00U6 U6B\/ 
aan:sod "u66ÿ
19:01
"u6"do3':sod 
:unow 
:unoiu * ::v
MOL[03
: : i u s
19:01
asoN
9 :b6l: s0AUi
qoBOuddv
pua::v
19:01
luoouB-iLas
9AB93
9U0Ldx3
l*OBS) 9Ùli: 
6u U 0LdK3
O L O r — OO-dOOrOCM 
r— CvJ
0 «dOOtOLOCMO
o o o o o o o o
o  o  I— CVJ r— I— o  o  
O O O l — O C O t — o
o o o o o o o o
O r — O C V J O t O O l — 
O O O C O r - . C O O r —
cvj i— I— « d o c o c v j c v j
r — r— o  co o  o  r ~  O
o o o o o o o o  
I— o o o o o o o  
O O O O O l — O O
o o o o o o o o
O O O l — o  I— I— CVl 
O O r — O O r — O O
vor^cnor^otncM 
O C O O O l — o  I— o  
I— h^'d 'O coooo
o o o o o o o o
o o o o o o o o
CTJtor^cococvjf^co
o o o o o o o o
F'^r— O O r — O r — p—
o o o o o o o o  
r— o o o o o o o
OJ
O r — r— O r — O i — o  4-> O  O  O  O  O  O  O  O
43
(UtJ tO lO t ' ' « . r O t ' ' « < M tO r —
co
«d co «d o  CM o  CVJ 
r— co o  o  o  o  r— co t n  o  o  o  o  o  
eu
o _____________________ ____________________________
c  en co CM r— «d r— o  co LO tO UO •— *d  CO CM tO «d
r— LO CM
o o o o o o o o  o o o o o o o o
Cû
o o o o o o o o  o o o o o o o o
O o  o O o  o  o o O  O  O  O O o o  o
CM co CM LO co t o CO «d en «d CO t o t o  «d
r>. o  o  t o t o  o  «d CM CM CM O O t o o  o
co
en CM co CM o LO CM t o o en
co CM co CO CM «d co CM CO CM CM CM CM
O o O O - O o O O O O O O o o
en «d t o en O 00 o CM Cn. t oCM CM CM
CM «d o C '. en o 00 y _ 00 LO CM LO
o «d CM CM O co CM CM CM <d O CM O o o
o CM 00 LO «d C» CM CM r*^ «d CO t o en LO LO
CMCM CM co co CM CM CM
CM «d o t o r — CM O LO Cf, co
CM CM o o  r— O O O  O  O O O o o
en t o 1— co «d to 1—  LO «d 00 lO t o «dCM CM CM CM CM
t o <d O s d o «d 1—  r— O CO t o t o 00
«d t o CM co CM CM O r— CM CM O n» enco co «d co «d CO «d «d LO «d LO LO <d
eusz
4-)
4 -
O
Do-a
3
4->
to
s-3
o
>
CO
SZ
euXJ
to
in
O  4->
o toto &_
eu s-sz to+> 4-Ï
inc •I—
3:
XJ eu
eu> to
s- E
eu
in X)
XJo o
1
in sz
4-> 4->
c C
eu o
E E
eu 1
eu
eu >
euto
3 sXJ*r-
>
X
c
4 -
O
eu
Üsz
euL.
SL
3O
O
o
CM
eu
JZ
-a
c
Ë.
CL
«C
4J
SZcn
c
o
in
in
Ei
C7>
itJ
3
X
eu
CO
fO
Ü
o
t o
«0
• r -
U
h
O
19:01 
apis "lao 
uoLSSLiuqns 
qonouD "13 
qpnouQ 
:B3u:ay 
apBA3 
6UI%3L%
I9:p i 
% 3 9 : : v  
apis "110 
:eaaqi 
aseqo 
a : L g  
uioouB "uBfiv 
au n: sod "u66\/
19:01
•u6"doD :soj 
:unow 
:unoui ":1V 
MOlLOd 
: : i u s
19:01
asoN
a:e6i:saAUi
qoBOuddv
p u a : : v
1 9 : 0 1
uioou6-iLas
aAeaq
auGLdx3
("Das> aiuL: 
6uuoidx3
CO I—  CO to  O  CO
CO r—  I—
CM O  CM " d  I—  CO
O O O O O O
I—  O  I—  r—  O  O
O  r— cn O  CM o  
r—
o  o  o  o  o  o  
o  o  r— O  to  «d
O  O  O  O  r— r—
o e O ' d c n c o o c M r > ^ « d r — * d
CM I—  I—  CM CM
O t ^ r — C M 'd O C O C '- . C M lO 'd  
O O O O r — o o o o o o  
O O r — C M C M O C O r— r - O O  
O  CM t o  «d  I—  O  O  CD I—  O  O  
O O O O O O O O O O O  
O t O t O O O O r — O O C O O  
O C O O i — O O O C O O C O O
«d t o  ^  00  O  CM 
CM
r — I—  ^ 0  r — Z^ CD 
r— CO r— LO O  CM
o  c n o  o  o  o  
o o o o o o  
o o o o o o
t— O  CM CM O  O  
r — CO r — O  O  O
£
■P «d  CO t o  r— M . cn  
C  I—  CM r — I—  I—
<3 O O O O O O
C  COo o o o o o
o o o o o o
CD CO I—  I—  « d r ^ r ^ c o c o O ' d  
t o  r — r — t o
C M O O O O O O C O i —  O t D
^OOr-OOr^tOCOisdOtO
CM
C O O O O O O O O O O C M
O O O O O O O O O O O
<U O O O O O O O O O O O  
4->
43
eu L O O O l —  « d O r — C M O O C n
O  r— I—  r—
CO
XJ C M O O O O O O C O i—  O  i—  
rO
eu ___,_______________ _ ______
^  CM CM 00 LO en  CO c n  CO tD  tD  CM 
LO CM I—  CM
O O O O O O O O O O O  
O O O O O O O O O O O  
O r — r O O O O O C X ) C M O O
CO to <d CM cn « d CO LO en roto CO to CM
CM I—
CO o r>> LOo 00o CM o  o  o CO CM CO o  o
eninCM o  o r«N.CO « d LO « d CM CM to00 LD
CO «d CO CO CM CO CO CM <d to CO «d CO CM CO
o o O o o  o o o o o o  o o o o O o
1^. CO Cs. enLO cn to,_ CT» to h» r " . m 00 0000 toCM CM CM r -
CO CM LO CO LO O CO CM lO  LO eo00 to r».
CM CM CM
CM «d O o o CM LO CM « d o to CM eo CM
r~. CM too CM toCO CO cn00 CM CM LO LO
CM r— CM CO CO LO CO LO « d <d « d «d  « d  eo CM ID CO
CM LO 00 ,_ « d o 00 «d CO to o  <d « d
CM CM CM CM
O CO «d o r- CO CO o r - «d  to to o o o
cn LO CO «d CO o O CM LO «d CO LO CM 00 o
CM CM CO CO CO CO CO CM CM CM CM CO to
tn «d cnto «d «d ■ d O CO CO « d  CM CO • den CO CM to CM CO o 00 cno 00 « d < d CO LO
CM CM r— CO " d CM CO CM CO CM CO CO CO CM CO CO «d
